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SUMMARY 

This  report  desc r ibes  t h e  experimental  r e s u l t s  of a program which w a s  
conducted t o  i n v e s t i g a t e  aerodynamic means f o r  i nc reas ing  t u r b i n e  s t a g e  loading 
and t u r b i n e  blade loading cons i s t en t  w i th  high e f f i c i e n c y .  Three h igh ly  loaded 
fan d r ive  tu rb ines  were designed and t e s t e d :  1 )  a three-s tage t u r b i n e  using 
a l l  p l a i n  b l ad ing ,  2)  a three-s tage t u r b i n e  using tandem b lad ing ,  and 3) a 
three-stage t u r b i n e  using a ten-degree t a n g e n t f a l l y  leaned s t a t o r .  
b i n e  w a s  designed f o r  t h e  same v e l o c i t y  diagram and each used the  same constant  
i n s i d e  diameter flowpath. Seven combinations of bladerows were t e s t e d  i n  o rde r  
t o  eva lua te  s t a g e  performances and assess t h e  performance e f f e c t s  of t h e  tandem 
blading and t h e  leaned s t a t o r .  

Each tu r -  

A t  design equivalent  speed (3169 .O rev/?nin) and design t o t a l - t o - t o t a l  
pressure r a t i o  ( 3 . 4 7 )  t he  p l a i n  b l ade  t u r b i n e  achieved an o v e r a l l  t o t a l - to -  
t o t a l  e f f i c i e n c y  of 0,886. A t  design speed and p res su re  r a t i o ,  t h e  leaned 
s t a t o r  t u r b i n e  achieved t h e  same o v e r a l l  t o t a l - t o - t o t a l  e f f i c i e n c y  while  im- 
proving t h e  tu rb ine  exit  r a d i a l  s w i r l  p r o f i l e .  The leaned s t a t o r  t u r b i n e  w a s  
a l s o  success fu l  i n  r a i s i n g  t h e  Stage Three hub r e a c t i o n  from negat ive 20 per- 
cent t o  zero r eac t ion .  

Two-stage t u r b i n e  tests, accomplished by removing Stage Three from t h e  
tu rb ine ,  showed t h a t  t h e  two-stage t u r b i n e  using a tandem s t a t o r  i n  Stage Two 
had a design po in t  o v e r a l l  e f f i c i e n c y  of 0.880 compared t o  an e f f i c i e n c y  of 
0.868 f o r  a two-stage t u r b i n e  using p l a i n  blading i n  each bladerow. 

Tes t ing  conducted on s t a g e  one i n d i c a t e d  a design po in t  t o t a l - t o - t o t a l  
e f f i c i e n c y  of 0 e 875 e 

Radial e f f i c i e n c y  p r o f i l e s  showed high e f f i c i e n c i e s  i n  t h e  p i t c h l i n e  
region of a l l  configurat ions t e s t e d ,  w i th  pronounced drop-offs i n  e f f i c i e n c y  
toward t h e  hub and t h e  t i p .  

Reynolds number t e s t i n g  accomplished by varying t h e  i n l e t  p re s su re  (and 
thus varying t h e  dens i ty  l e v e l )  i n d i c a t e d  decreases i n  e f f i c i e n c y  wi th  de- 
creasing Reynolds number. The t u r b i n e  configurat ions using tandem b lad ing  
experienced a l a r g e r  decrease i n  e f f i c i e n c y  wi th  decreasing Reynolds number 
than the  p l a i n  b l ade  tu rb ines .  



INTRODUCTION 

A twenty-seven month a n a l y t i c a l  and experimental  i n v e s t i g a t i o n  program was 
conducted to  provide t u r b i n e  high-stage-loading and high-blade-loading aero- 
dynamic technology which w i l l  be s p e c i f i c a l l y  app l i cab le  t o  mul t i s t age  fan 
d r ive  tu rb ine  conf igu ra t ions  f o r  advanced high-bypass-ratio turbofan propulsion 
system app l i ca t ion .  

The s p e c i f i c  o b j e c t i v e s  of t h i s  program were to :  

0 I n v e s t i g a t e  a n a l y t i c a l l y  and experimentally aerodynamic means f o r  
i nc reas ing  t h e  t u r b i n e  s t a g e  loading and tu rb ine  b l ade  loading 
cons i s t en t  with high e f f i c i e n c y  f o r  mul t i s t age  h igh ly  loaded 
fan d r i v e  t u r b i n e  configurat ions.  

0 Develop s u f f i c i e n t  design information t o  determine the  r e l a t i v e  
importance of changes i n  engine s i z e ,  weight,  and performance 
and give primary considerat ion t o  use of tandem r o t o r s  and 
s t a t o r s ,  where app l i cab le ,  t o  reduce weight o r  extend o r  improve 
the  b l ad ing  performance. 

0 Modify an e x i s t i n g  three-stage h igh ly  loaded t u r b i n e  r i g  and 
adapt t h e  r i g  t o  an o v e r a l l  performance test program of s u f f i c i e n t  
e x t e n t  s o  as t o  o b t a i n  b l ade  element performance. 

The program w a s  divided i n t o  two phases encompassing n i n e  t a s k  items of 
a c t i v i t y .  The f i r s t  phase covered Task I t e m s  I through 111. I n  Task I ,  
requirements of s e l e c t e d  advanced high-bypass-ratio turbofan systems were 
inves t iga t ed ,  parametric t u r b i n e  ve loc i ty  diagram s t u d i e s  were c a r r i e d  o u t ,  
and the  r e s u l t s  were reported i n  Reference 1. A cascade test and eva lua t ion  
program w a s  conducted under Task 11, and reported i n  Reference 2. I n  Task 111, 
the tu rb ine  flowpath w a s  chosen and a ve loc i ty  diagram w a s  s e l e c t e d  f o r  t h r e e  
turbines:  an a l l  p l a i n  blade t u r b i n e ,  a t u r b i n e  using tandem blading,  and a 
tu rb ine  using t a n g e n t i a l l y  leaned s t a t o r s .  
i c a l  designs f o r  t h e  t u r b i n e  and t h e  tu rb ine  b l ad ing  were performed. The t u r b i n e  
w a s  s ca l ed  t o  u t i l i z e  an e x i s t i n g  highly loaded fan d r ive  t u r b i n e  test r i g  and 
the  required r i g  modification drawings were prepared. 
aerodynamic and mechanical design of the p l a i n  b l ade  tu rb ine .  
t u rb ine  design w a s  presented i n  Reference 4 .  The design of t h e  tu rb ine  using 
t a n g e n t i a l l y  leaned s t a t o r s  w a s  reported i n  Reference 5. 

The d e t a i l e d  aerodynamic and mechan- 

Reference 3 reported the 
The tandem blade 

The second phase of t h e  program covered Task Item IV through IX, and 
included t h e  f a b r i c a t i o n ,  procurement, v i b r a t i o n  bench t e s t i n g  and f a t i g u e  
endurance t e s t i n g  of t he  t u r b i n e  blading,  i n spec t ion  of t h e  t u r b i n e  test r i g  
modif icat ions,  and instrumentat ion and c a l i b r a t i o n  of t h e  test vehicle .  I n  
t h i s  phase of t h e  program t h e  t e s t i n g  of seven t u r b i n e  configurat ions w a s  
accomplished, and test d a t a  w a s  co l l ec t ed ,  reduced and analyzed. The purpose 
of t h i s  r epor t  is  t o  present  t h e  r e s u l t s  of t h e  work performed i n  Phase Two of 
t h i s  program. 
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AERODYNAMIC EVALUATION 

TEST VEHICLE 

Requirements - The a n a l y s i s  and design of t he  t h r e e  f an  d r i v e  t u r b i n e s  which 
w e r e  i n v e s t i g a t e d  are presented i n  d e t a i l  i n  References 2 through 4. An e x i s t i n g  
highly-loaded fan d r i v e  t u r b i n e  r o t a t i n g  r i g  w a s  modified f o r  t h e  test and per- 
formance phase of t he  program. The tu rb ine  design requirements w e r e  s ca l ed  f o r  a 
t u r b i n e  e x i t  t i p  diameter of 28.4 inches i n  o rde r  t o  u t i l i z e  the  e x i s t i n g  test 
r i g .  The f u l l - s i z e  and sca l ed  t u r b i n e  design requirements are presented below: 

Parameter F u l l  S i z e  S cale d 

JAh Average P i t c h  Loading, b 2  
D 

1 .5  1.5 

Equivalent S p e c i f i c  Work, E/Bcr,  (Btu/lbm) 33.0 33.0 

Equivalent Rotat ive Speed, N / K ,  (rev/min) 2000 3169 

Equivalent Weight Flow, W< E / &  , (lbm/sec) 70 28 

c r  

I n l e t  S w i r l  Angle (degrees) 0 0 

<5 - <5 Exit  S w i r l  Angle Without Guide Vanes (degrees) - 

Maximum Tip D i a m e t e r  ( inches)  45.0 28.4 

Number of Stages 3 3 

W$IP, at  I n l e t  108.4 43.16 

0.0635 0.0635 

87.7 138.98 

Configurations Tested - The t h r e e  tu rb ines  i n v e s t i g a t e d  used the  same 
constant-inside-diameter flowpath and v e l o c i t y  diagram. The tu rb ine  design 
v e l o c i t y  diagram is presented i n  Figure 1. 
f o r  s t a g e  energy s p l i t s  (Ahstage/Aht,rbine) of 41.7% on Stage One, 38.3% on 
Stage Two, and 20.0% on Stage Three. The corresponding s t a g e  aeroydnamic 
loadings (gJAh/2Up2) were 2.1, 1.75, and 0.82 f o r  Stages One, Two and Three 
r e spec t ive ly .  The design average p i t c h l i n e  loading (gJAh/2CUp ) f o r  s t a g e s  
one and two grouped toge the r  w a s  1.92. 
t e e t h  w e r e  designed f o r  an i n t e r f e r e n c e  f i t  wi th  t h e  s t a t i o n a r y  shrouds during 
cold buildup i n  o r d e r  t o  have p o s i t i v e  rub-in during operat ion and thus  minimize 
the  e f f e c t s  of r o t o r  t i p  c learance.  I n  o rde r  t o  eva lua te  t h e  s t a g e  performances 
and assess t h e  performance e f f e c t s  of t h e  var ious t u r b i n e  designs,  seven t u r b i n e  
conf igu ra t ions  w e r e  s e l e c t e d  f o r  t e s t i n g .  The configurat ions are descr ibed 
below. 

The three-s tage t u r b i n e s  w e r e  designed 
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The t u r b i n e  r o t a t i n g  t i p  shroud seal 
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Configurat ion Symb 01 

1 PPPPPP 

4 

5 

6 

7 

PPPP 

PP 

PPTP 

PPPPPT 

PPTPTT 

PPPPLP 

Descr ip t ion  

Three-stage tu rb ine  wi th  p l a i n  b lad ing  
i n  a l l  bladerows. This  configurat ion 
is  shown i n  Figure 2. 

Two-stage tu rb ine  wi th  p l a i n  b lad ing  
i n  a l l  bladerows. This  conf igura t ion  
is shown i n  Figure 3.  

One-stage tu rb ine  wi th  p l a i n  b lad ing  
i n  a l l  bladerows. This  conf igura t ion  
is shown i n  Figure 4 .  

Two-stage turb ine  wi th  tandem s t a g e  
two s t a t o r  and p l a i n  b lad ing  i n  a l l  
o the r  bladerows. T h i s  conf igura t ion  
used the  flowpath shown i n  Figure 3.  

Three-stage tu rb ine  with tandem s t a g e  
t h r e e  r o t o r  and p l a i n  b lad ing  i n  a l l  
o the r  bladerows. This  conf igura t ion  
used t h e  flowpath shown i n  Figure 2. 

Three-stage tu rb ine  wi th  tandem s t age  
two s t a t o r ,  tandem s t a g e  t h r e e  s t a t o r ,  
tandem s t a g e  t h r e e  r o t o r ,  acd p l a i n  
b lad ing  i n  a l l  o the r  bladerows. This  
conf igura t ion  used t h e  flowpath shown 
i n  Figure 2. It should be  noted t h a t  
t he  tandem Stage Three s t a t o r  w a s  
designed f o r  a 24 percent  reduced 
s o l i d i t y  compared t o  t h e  p l a i n  Stage 
Three s t a t o r .  The reduct ion  i n  s o l i d i t y  
w a s  accomplished by designing 76 tandem 
vanes compared t o  100 p l a i n  vanes f o r  
t h i s  bladerow. 

Three-stage tu rb ine  using a ten-degree 
t a n g e n t i a l l y  leaned s t a t o r  i n  Stage 
Three, and p l a i n  b lad ing  i n  a l l  o t h e r  
bladerows. This  conf igura t ion  used t h e  
flowpath shown i n  Figure 2. 

Photographs of t h e  tu rb ine  b lad ing  used i n  the  t e s t i n g  of t hese  seven 
tu rb ine  conf igura t ions  are presented i n  Figures  5 through 18. 

4 



TEST APPARATUS AND INSTRUMENTAT I O N  

Tes t  F a c i l i t y  - The seven tu rb ine  conf igura t ions  were t e s t e d  i n  the  General 
E l e c t r i c  Company's Evendale A i r  Turbine T e s t  F a c i l i t y ,  which is  a dual  purpose 
f a c i l i t y  capable of eva lua t ing  e i t h e r  s i n g l e  s t a g e  high pressure  tu rb ine  o r  
mul t i s tage  fan  dr ive  tu rb ine  performance. A t y p i c a l  test f a c i l i t y  conf igura t ion  
is shown i n  Figure 19. 

Turbine a i r  is suppl ied  from t h e  Cent ra l  A i r  Supply System of t h e  Component 
T e s t  Complex, which cons i s t s  of an arrangement of f i v e  mul t i s tage  c e n t r i f u g a l  
compressors dr iven by synchronous motors through speed increas ing  gears .  Staging 
these  compressors i n  series o r  p a r a l l e l  o r  using them as exhaustors  provides t h e  
var ious modes of opera t ion  normally required f o r  t h e  tu rb ine  opera t ion .  The 
compressor discharge a i r  is then d i r ec t ed  through var ious a u x i l i a r y  systems i n  
order  t o  provide a i r  t h a t  i s  f i l t e r e d  t o  t e n  micron p a r t i c l e  s i z e ,  d r i ed  t o  
minus 70" F dewpoint, and i n d i r e c t l y  heated t o  t h e  des i red  temperature by passing 
i t  through a hea t  exchanger. Flow e n t e r s  t he  test region through a s p e c i a l l y  
shaped s c r o l l  which smoothes out flow dis turbances and provides a uniform stream 
t o  t h e  test veh ic l e .  A i r  e n t e r s  t h e  f i r s t  s t a g e  nozzle  through a convergent 
bellmouth s e c t i o n  and a constant  annular  passage approximately t h r e e  inches long. 
Turbine discharge a i r  leaves  through a constant  annular passage approximately 
seven inches long and expands i n t o  t h e  exhaust plenum. 

The generated tu rb ine  horsepower is  ex t r ac t ed  by means of a high speed 
waterbrake d i r e c t  coupled t o  t h e  tu rb ine  s h a f t  by f l e x i b l e  couplings and a 
s h o r t  spool p iece .  
throughout t he  e n t i r e  t u rb ine  opera t ing  map 

This waterbrake design provides  exce l l en t  speed s t a b i l i t y  

For p ro tec t ion  aga ins t  overspeed and excessive temperature o r  v i b r a t i o n s ,  
a two-level t r i p  system is used. The l e v e l  1 t r i p  is  s igna led  by an overspeed 
o r  bear ing  over temperature.  
c r i t i c a l  support  system temperatures o r  pressures .  

Level 2 i s  s igna led  by excess ive  v ib ra t ions ,  o r  

The tu rb ine  f a c i l i t y  con t ro l  console is loca ted  i n  the  T e s t  C e l l  Control 
Room. All t he  necessary con t ro l s  and c r i t i ca l  tu rb ine  or  f a c i l i t y  monitoring 
instrumentat ion are s t r a t e g i c a l l y  loca ted  t o  enable  one man con t ro l  of the  
e n t i r e  test f a c i l i t y .  This  f ea tu re  is  a d i r e c t  r e s u l t  of t he  u t i l i z a t i o n  of 
analog closed-loop con t ro l  c i r c u i t s  f o r  s e t t i n g  and maintaining a l l  prime 
turb ine  va r i ab le s  Turbine parameters of i n l e t  temperature,  i n l e t  p ressure ,  
speed, discharge p res su re ,  and r o t o r  n e t  t h r u s t  can a l l  b e  maintained auto- 
mat ica l ly  at pre-set values .  

Data Acquisi t ion System - The d a t a  a c q u i s i t i o n  system c o n s i s t s  of a d i g i t a l  
recorder  l i nked  t o  a paper t ape  and paper punch t ape  p r i n t e r .  The d i g i t a l  
recording system is capable of recording up t o  200 temperatures and 350 pressures  
i n  addi t ion  t o  o t h e r  s p e c i f i c  t u rb ine  performance parameters.  

Temperature .measurements are obtained wi th  p rec i s ion  manufactured Chromel- 
A l u m e l  thermocouple w i r e .  
from one spool .  

Sensors i n  any one plane of measurement use w i r e  
Ca l ib ra t ion  samples of w i r e  are c u t  from each sensor  lead  and 

5 



both samples and sensor  leads are oven cured f o r  28 hours a t  approximately 
400" F. 
range a g a i n s t  a Platinum Resistance Thermocouple which is t r a c e a b l e  t o  t h e  
National Bureau of Standards,  r e s u l t i n g  i n  c o r r e c t i o n  curves which are appl ied 
t o  the  temperature measurements i n  t h e  d a t a  reduct ion program. 

The w i r e  samples are then c a l i b r a t e d  over t h e  expected temperature 

C a l i b r a t i o n  curves are a l s o  e s t a b l i s h e d  t o  determine temperature recovery 
a t  var ious expected Mach number ranges and flow incidence angles using a 
s p e c i a l l y  designed c a l i b r a t i o n  s t and  wi th  a 2.5 inch f r e e  j e t  nozzle capable 
of a Mach number range from 0.2 t o  1.0. Correct ions are made i n  t h e  d a t a  
reduction program using t h e  c a l i b r a t i o n  curves. 

The thermocouple l eads  terminate  i n  a Copper Alloy Thermal Sink (CATS), 
which is thermally i n s u l a t e d  t o  minimize temperature g rad ien t s .  To arrive a t  
t h e  absolute  value of any temperature sensor ,  t h e  absolute  temperature of t he  
CATS block i s  measured, using both a water-ice b a t h  r e fe rence  and an e l e c t r o n i c a l l y  
con t ro l l ed  Ice Point  Reference System. The la t te r  is  used t o  determine abso lu te  
temperature levels, b u t  both systems are con t inua l ly  compared. The electrical  
output of each thermocouple is measured a t  t h i s  CATS block and t h e  s i g n a l  i s  
amplified and d i r e c t e d  t o  the d i g i t a l  recorder .  

Turbine r i g  pressure measurements are obtained by t h e  use of p r e c i s i o n  
s t r a i n  gage pressure t ransducers  which convert pneumatic s i g n a l s  t o  e l e c t r i c a l  
outputs .  The p res su res  e n t e r  t h e  c o n t r o l  room pneumatically and terminate  i n  
e l e c t r i c a l l y  con t ro l l ed  scanners which sys t ema t i ca l ly  d i r e c t  each p res su re  
s i g n a l  t o  a t ransducer .  The t ransducer  electrical  outputs  are amplified and 
d i r e c t e d  t o  the  d i g i t a l  recorder .  All t ransducers  of t h i s  t ype  have a common 
e x c i t a t i o n  and output ampl i f i ca t ion .  Each d a t a  reading con ta ins  t h e  e x c i t a t i o n  
vol tage sensed at  t h e  t ransducer ,  t he  t ransducer  zero,  and a known c a l i b r a t i o n  
s i g n a l  which is recorded through a l l  i ts  as soc ia t ed  electrical  c i r c u i t r y .  The 
r e p e a t a b i l i t y  of t hese  parameters is  con t inua l ly  monitored t o  preclude any 
measurement e r r o r s .  

Pressure c a l i b r a t i o n s  are performed p r i o r  t o  each test run using a 
p rec i s ion  dead weight tester f o r  above-atmospheric c a l i b r a t i o n s ,  and a 
quartz  manometer f o r  sub-atmospheric c a l i b r a t i o n s .  Both u n i t s  are f r equen t ly  
c a l i b r a t e d  and t h e i r  p rec i s ions  are d i r e c t l y  t r a c e a b l e  t o  t h e  Nat ional  Bureau 
of Standards. A l l  pres su re  t ransducers  used have c h a r a c t e r i s t i c  curves compiled 
i n  a computer l i b r a r y  f i l e ,  t o  which each pre-run c a l i b r a t i o n  is  compared f o r  
discrepancies .  

The d i g i t a l  recording system i s  l inked  t o  t h e  General Electric 635 Computer 
by means of a GE Terminet 300 loca ted  i n  the  Control Room. This  f e a t u r e  enables  
reduced d a t a  t o  b e  p r i n t e d  ou t  i n  the  Control Room wi th in  f i v e  minutes of the 
reading of a test po in t .  

Instrumentation - Figure 20 shows t h e  l o c a t i o n  of t he  instrumentat ion used 
i n  t h e  t e s t i n g  o f  t he  seven tu rb ine  configurat ions.  
w a s  used which permitted removal of downstream t u r b i n e  s t a g e s  without r equ i r ing  
the re-instrumentation of upstream s t a g e s .  

An inst rumentat ion scheme 
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Turbine i n l e t  instrumentat ion w a s  a f f i x e d  t o  t h e  lead ing  edge of t h e  i n l e t  
s t r u t  frame on each of t e n  s t r u t s  loca ted  36 degrees a p a r t ,  and approximately 
t e n  inches ups t r eam of  t he  f i r s t  s t a g e  s t a t o r .  Turbine i n l e t  temperature w a s  
measured with 25 Chromel-Alumel thermocouples mounted i n  high recovery stagna- 
t i o n  tubes a f f ixed  t o  t h e  leading edge of t h e  i n l e t  s t r u t  frame on each of f i v e  
s t r u t s  72 degrees apa r t .  They were loca ted  r a d i a l l y  at  the  area cen te r s  of f ive 
equal  annular  areas. I n l e t  t o t a l  p ressure  w a s  measured wi th  25 Kiel-type probes 
loca ted  i n  an i d e n t i c a l  manner as t h e  t o t a l  temperatures above, bu t  on f ive 
a l t e r n a t e  s t r u t s  72 degrees apar t .  These pressures  were measured independently 
by m e a n s  of t h e  scanner-transducer system and then  a r i t h m e t i c a l l y  averaged i n  t h e  
da t a  reduct ion program, They were a l s o  pneumatically averaged, using a s p e c i a l l y  
designed averaging block,  measuring an average output  on a s i n g l e  pressure  
transducer.  

I n l e t  s t a t i c  p res su re  w a s  measured wi th  f i v e  equal ly  spaced s t a t i c  pressure  
taps  loca ted  on both  the  inner  and ou te r  flowpaths i n  a s t r a i g h t  annular 
s e c t i o n  about 1 . 7  inches upstream of the  f i r s t  s t a g e  s t a t o r .  These s t a t i c  
pressure t a p s  w e r e  used t o  check t h e  c i rcumferent ia l  uniformity of the flow and 
t o  ca l cu la t e  t he  tu rb ine  i n l e t  t o t a l  p ressure .  

In t e r s t age  s t a t i c  pressures  were measured wi th  four s t a t i c  pressure  taps  
i n s t a l l e d  on both inner  and ou te r  flowpath casings,  approximately 90 degrees 
removed, i n  t h e  cav i ty  area befbre  and a f t e r  each s t a t o r .  

s i x  f ixed  c i rcumferent ia l  arc ;takes 60 degrees a p a r t ,  loca ted  r a d i a l l y  a t  t h e  
centers  of s ix  equal  annular  areas, and approximately four  inches downstream 
of the  l as t  s t a g e  ro to r .  I 

p ressures  were measured. 
loca ted  side-by-side, and s ix  sh ie lded  thermocouple elements side-by-side. 
The t o t a l  p ressures  w e r e  averaged both a r i t hme t i ca l ly  and pneumatically i n  the  
same manner as the i n l e t  p ressure  measurements. 

Turbine o u t l e t  t o t a l  temperature and t o t a l  p ressure  w e r e  measured wi th  

A t o t p l  of 36 t o t a l  temperatures and 72 t o t a l  
Each rake contained twelve Kiel-type pressure  elements 

Six tu rb ine  o u t l e t  s t a t i c  pressures  were measured on both the  inne r  and ou te r  
flowpaths. Elements were spaced 60 degrees apa r t  and were loca ted  approximately 
four  inches downstream of the  last  s t a g e  ro to r .  

Turbine o u t l e t  t o t a l  temperature and t o t a l  p ressure  w e r e  add i t iona l ly  measured 
by a radia1l:r and c i rcumferent ia l ly  t r ave r s ing  combination probe. 
pressure  d i f f e r e n t i a l  servo-system al igned t h e  probe wi th  the  flow and provided 
an e l e c t r i c a l  output  propor t iona l  t o  t h e  flow angle.  
p ressure  and flow angle w e r e  recorded on X-Y char t  recorders  as funct ions of 
e i t h e r  r a d i a l  immersion o r  c i r cumfe ren t i a l  pos i t i on .  The probe w a s  located 
approximately one inch downstream of t h e  las t  s t a g e  ro to r .  

A f a s t  response 

T o t a l  temperature,  t o t a l  

A i r  flow t o  t h e  tu rb ine  w a s  measured using a c a l i b r a t e d  c i rcular  a rc  Venturi 
which w a s  operated a t  c r i t i ca l  flow condi t ions.  
temperature were measured using w a l l  s t a t ic  pressure  t aps  and Chromel-Alumel a i r  
thermocouple probes loca ted  upstream of t h e  v e n t u r i  t h r o a t .  

The ven tu r i  i n l e t  pressure and 
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Three independent speed measurements were provided by an i n d i c a t i n g  system 
cons i s t ing  of a 60-tooth gear a t tached  t o  the  turb ine  s h a f t i n  nd t h r e e  s t a t  
a ry  magnetic sensors  loca ted  very close t o  the gear  t e e t h .  E t r ical  impuls 
r e s u l t i n g  from t h e  passing of each too th  provided an e l e c t r i c a l  frequen 
po r t iona l  t o  turb ine  speed. 
the  speed ind ica t ion ,  accura te  wi th in  5 1 rpm. 
reading, twelve d i f f e r e n t  samples of speed were recorded and a r i thme t i ca l ly  
averaged. 

E l e c t r i c a l l y  t i m e  i n t e g r a t i n g  t h i s  s i g n a l  provided 
During the  course of each da ta  

Two independent techniques were employed f o r  t h e  measurement of s h a f t  torque.  
The The primary system cons is ted  of a dual br idged shaft-mounted torque sensor .  

s t r a i n  s e n s i t i v e  spool  s e c t i o n  w a s  loca ted  between t h e  tu rb ine  s h a f t  and the  
waterbrake s h a f t  wi th  a s p e c i a l l y  designed s l i p  r i n g  mounted behind the  w a t e r -  
brake t o  t r a n s m i t  e lectr ical  s i g n a l s  t o  the d i g i t a l  recorder .  Each br idge  w a s  
exc i ted  with its own independent e l e c t r o n i c s  system and read out  o r  displayed 
through t h e  d i g i t a l  d a t a  a c q u i s i t i o n  system. The secondary torque measurement 
w a s  obtained by means of a load cel l  loca t ed  beneath a l e v e r  arm a t tached  t o  t h e  
cradled waterbrake s t a t o r  housing. The load cell  a l s o  employed independent 
s i g n a l  condi t ioning and readout e l e c t r o n i c s  

Torque c a l i b r a t i o n s  w e r e  performed i n  p lace  using a p rec i s ion  torque arm 
and dead weights ,  whose weight values  are t r aceab le  t o  t h e  Nat ional  Bureau of 
Standards.  Dead weight c a l i b r a t i o n s  were conducted p r i o r  t o  each tes t  run t o  
v e r i f y  r e p e a t a b i l i t y  of torque zeros and b r idge  l i n e a r i t y ,  I n  addi t ion  exten- 
s i v e  temperature c a l i b r a t i o n s  w e r e  made t o  def ine  torque zero and modulus changes 
over the  ope ra t iona l  temperature range, even though these  e f f e c t s  are less than 
0.25 percent .  

TEST PROCEDURE 

The tu rb ine  i n l e t  condi t ions were set at 700" R and 30 p s i a ,  wi th  a few 
except ions as noted below: 

T e s t  f a c i l i t y  l i m i t a t i o n s  on t h e  tu rb ine  exhaust temperature 
required a l l  t e s t i n g  of the s i n g l e  s t a g e  turb ine  (Configuration 3)  
t o  be run a t  i n l e t  condi t ions of 660" K and 30 ps ia .  

Waterbrake l i m i t a t i o n s  required t h a t  the  low speed, high pressure  
r a t i o  test poin ts  of t he  three-s tage bu i lds  (Configurations 1, 5,  
6 and 7 )  b e  run a t  i n l e t  condi t ions of 700" R and 20 ps i a .  

It w a s  recognized t h a t  some Reynolds number e f f e c t s  would b e  present  when 
opera t ing  the tu rb ine  at  the reduced i n l e t  p ressure .  I n  order  t o  assess the  
Reynolds number e f f e c t s  a d d i t i o n a l  test po in t s ,  i n  t he  v i c i n i t y  of the design 
po in t ,  w e r e  i nves t iga t ed  a t  h igher  i n l e t  p ressures .  

The performance mapping of the  turb ine  vas accomplished by s e l e c t i n g  
test po in t s  wi th in  t h e  following range of va r i ab le s :  

Speed - from 70 t o  120 percent  of design speed. 
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Pressure r a t i o  - from t h a t  correspondlng t o  50 percent  design i d e a l  
enthalpy drop t o  a pressure  r a t i o  corresponding t o  approximately 113 
percent  design i d e a l  enthalpy drop, 

The following performance d a t a  were obtained a t  each test poin t :  

Turbine weight flow 

Rota t ive  speed 

Torque 

I n l e t  t o t a l  temperature 

I n l e t  t o t a l  and s ta t ic  pressures  

Exi t  absolu te  flow angles  

Ex i t  t o t a l  and s t a t i c  pressures  

E x i t  t o t a l  temperatures 

Flowpath hub and t i p  i n t e r s t a g e  s t a t i c  pressures  

Three complete sets of da t a  were recorded a t  each test po in t  and processed 
through the  on-line computer which permit ted an immediate evaluat ion of t he  
reduced da ta .  

Key performance parameters were cont inua l ly  monitored t o  in su re  accuracy 
and consis tency of t he  test da ta .  The design po in t  w a s  pe r iod ica l ly  reset 
throughout the  t e s t i n g  t o  monitor t he  r e p e a t a b i l i t y  of t h e  f a c i l i t y  and the 
design po in t  ca l cu la t ions .  

One r a d i a l  and t h r e e  c i rcumferent ia l  t r ave r ses  were made a t  each tes t  
po in t  t o  record the  tu rb ine  exi t  t o t a l  p ressure ,  t o t a l  temperature and absolu te  
flow angle.  The c i r cumfe ren t i a l  t r ave r ses  were taken a t  10, 50 and 90 percent  
of the  l a s t  s t a g e  r o t o r  blade he ight .  

A d e t a i l e d  r o t o r  e x i t  survey w a s  made a t  the  design speed and design pres- 
su re  r a t i o  f o r  each of t he  seven tu rb ine  conf igura t ions  t e s t e d .  The survey f o r  
each configurat ion included seven c i rcumferent ia l  traverses of t o t a l  temperature,  
t o t a l  pressure and flow angle  a t  the r a d i a l  cen ters  of  seven equal  annular areas. 
The t r ave r ses  encompassed at  least two last  s t a g e  s t a t o r  wakes. 

DATA REDUCTION PROCEDURE 

Overa l l  Performance - Two ca l cu la t ion  schemes were used t o  reduce the over- 
a l l  performance da ta ,  The two methods d i f f e r e d  i n  only one respec t .  The pre- 
l iminary test c e l l  d a t a  reduct ion program used measured e x i t  t o t a l  p ressures  f o r  
a l l  performance ca l cu la t ions  while t he  f i n a l  d a t a  reduct ion w a s  performed 
using ca l cu la t ed  ex i t  t o t a l  p ressure .  This  ex i t  t o t a l  p ressure  w a s  ca l cu la t ed  
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using cont inui ty  by determining an i n t e g r a t e d  average flow angle  from t h e  
t r ave r ses  and combining it w i t h  the exit  t o t a l  temperature based on measured 
torque and t h e  average of measured exit hub and t i p  s t a t i c  pressures .  

A more d e t a i l e d  desc r ip t ion  of a l l  t h e  c a l c u l a t i o n  procedures used i n  t h e  
da t a  reduct ion may b e  found i n  Appendix A. 

The fol lowing o v e r a l l  performance parameters w e r e  ca l cu la t ed  f o r  each 
of t h e  th ree  readings taken a t  each test poin t :  

1. 

2.  

3. 

4 .  

5. 

6 .  

7. 

8. 

9 .  

10. 

Calculated to t a l - to - to t a l  p re s su re  r a t i o  as obtained from i n d i r e c t  
measurement, 

Calculated t o t a l - t o - s t a t i c  pressure  r a t i o  as obtained from i n d i r e c t  
me as ur  emen t . 
Equivalent speed. 

Equivalent weight flow. 

Equivalent weight flow-speed parameter (product of equivalent  speed 
and weight f low).  

Equivalent torque. 

Equivalent s p e c i f i c  work. 

I d e a l  equiva len t  s p e c i f i c  work. 

Ef f ic iency  ( to t a l - to - to t a l ) .  

Blade-jet  speed r a t i o .  

These parameters are presented i n  Tables I through V I 1  f o r  t u rb ine  con- 
f igu ra t ions  1 through 7 r e spec t ive ly .  

Stage Performance - Calcula t ions  were perforned t o  determine t h e  e f f i c i ency  
of each s t a g e  of t h e  var ious tu rb ine  conf igura t ions  when t h e  t h r e e  s t a g e  tur -  
b ine  w a s  opera t ing  a t  i t s  design speed and design to t a l - to - to t a l  p ressure  r a t i o .  
Design t o t a l - t o - t o t a l  p ressure  r a t i o  f o r  t h e  t h r e e  s t a g e  p l a i n  b lade  tu rb ine  
(Configuration 1) w a s  def ined t o  b e  t h a t  a t  which the  design equiva len t  spec i -  
f i c  work of 33.0 Btu/lbm w a s  ex t rac ted .  
performed wi th  a three-s tage tu rb ine  t o t a l - t o - t o t a l  p re s su re  r a t i o  of 3 . 4 7 .  
order  t o  determine t h e  s t a g e  e f f i c i e n c i e s ,  i t  w a s  necessary t o  determine t h e  
key performance parameters of the two-s t age  and one-s t age  t u r b i n e  when t h e  
three-stage tu rb ine  w a s  opera t ing  a t  its design po in t .  Basic t o  t h e  s t a g e  
e f f i c i ency  c a l c u l a t i o n  w a s  t h e  assumption t h a t  removal of downstream tu rb ine  
s t ages  d id  n o t  alter the design p o i n t  performance of the two-stage and one- 
s t a g e  tu rb ines ,  e .g . ,  t h e  two-stage tu rb ine  behaved i d e n t i c a l l y  when run by 
i t s e l f  and when run i n  the  three-s tage turb ine .  

All s t a g e  e f f i c i ency  ca l cu la t ions  w e r e  
I n  
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A d e t a i l e d  o u t l i n e  of t h e  s t a g e  e f f i c i e n c y  c a l c u l a t i o n  along wi th  a sample 
ca lcu la t ion  is presented i n  Appendix B. 

Rotor Exi t  Survey Calculat ions - The r o t o r  e x i t  surveys of t o t a l  p re s su re ,  
t o t a l  temperature,  and abso lu te  flow angle,  which were taken at t h e  design p o i n t  
of each tu rb ine  configurat ion,  w e r e  used t o  cons t ruc t  contour p l o t s  of l o c a l  
e f f i c i e n c y .  Local e f f i c i e n c i e s  w e r e  ca l cu la t ed  from t h e  following parameters: 

0 Measured i n l e t  t o t a l  temperature 

0 Calculated i n l e t  t o t a l  p re s su re  based on con t inu i ty  using measured 
i n l e t  s ta t ic  p res su re  and measured a i r f low 

0 Local exit  t o t a l  p re s su re  measured by t h e  traverse probe 

0 Local e x i t  t o t a l  temperature measured by t h e  traverse probe 

Reynolds Number Calculat ions - The t u r b i n e  Reynolds number w a s  va r i ed  by 
operat ing t h e  t u r b i n e  over a range of i n l e t  p re s su res  while  maintaining t h e  
design pressure r a t i o .  
leaving gas v e l o c i t y  and t h r o a t  dimension as shown i n  t h e  following r e l a t ion -  
s h i p  which is i n  Appendix C. 

Bladeraw Reynolds numbers were c a l c u l a t e d  on t h e  b a s i s  of 

where : 

W = measured a i r f low (lbm/sec) 
1.1 = bladerow e x i t  v i s c o s i t y  (lbm/sec-ft) 
n = number of b l ades  o r  vanes 
h t h  = height  of bladerow at t h r o a t  ( inches) 
i = cur ren t  bladerow 
do = bladerow t h r o a t  dimension (inches) 
R = blade o r  vane s u c t i o n  s u r f a c e  length (inches) 

The t u r b i n e  o v e r a l l  Reynolds number w a s  ca l cu la t ed  by energy weighting 
t h e  blade row Reynolds numbers i n  t h e  following manner: 

m 
C Ahi % 
i= 1 i 

C Ahi 

- 
% T =  m 

i= 1 

EXPERIMENTAL RESULTS AND DISCUSSION 

Overal l  Performance - The reduced d a t a  and ca l cu la t ed  parameters are 
presented i n  t h e  f o l l m i n g  curves f o r  each t u r b i n e  configurat ion:  
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a.  

b .  

C .  

d. 

e. 

f .  

Equivalent torque versus  ca lcu la ted  t o t a l - t o - t o t a l  p ressure  r a t i o .  

Equ l  valent  weight f l o w  v e r s u s  ca l cu la t ed  t o t a l - t o - t c t a l  p ressure  r a t i o .  

KquLvctlent s p e c i f i c  work versus  ca l cu la t ed  t o t a l - t o - t o t a l  p r e s s u r e  r a t i o .  

Tota l - to- to ta l  e f f i c i e n c y  versus ca lcu la ted  to t a l - to - to t a l  p ressure  r a t i o .  

Tota l - to- to ta l  e f f i c i e n c y  versus b l ade - j e t  speed r a t i o .  

Equivalent s p e c i f i c  work versus  equiva len t  weight flow - speed 
parameter wi th  l i n e s  of cons tan t  ca l cu la t ed  to t a l - to - to t a l  p ressure  
r a t i o ,  cons tan t  speed, and cons tan t  e f f i c i e n c y .  

The above curves u t i l i z e  cons tan t  va lues  of equiva len t  speed as a parameter 
and are shown i n  Figures 21 through 62.  

In Figures  63 through 7 4 ,  some of the reduced d a t a  f o r  t h e  p l a i n  blade 
turb ine  bu i lds  (Configurations 1, 2 ,  and 3 )  are compared t o  t h e  p re - t e s t  pre- 
d i c t ions  which were o r i g i n a l l y  presented i n  Reference 3.  
agreement wi th  p red ic t ions  i n  the  v i c i n i t y  of the  design po in t ,  wi th  some 
divergence occurr ing a t  far off-design poin ts .  The p red ic t ions  w e r e  made 
wi th  the  use of an off-design tu rb ine  computer program (Reference 6 )  and some 
disagreement w a s  expected because of t h e  assumptions used i n  the  program. The 
computer program uses constant  l o s s  c o e f f i c i e n t s  (such as bladerow e f f i c i e n c i e s  
and r o t o r  and s t a t o r  t o t a l  pressure recovery f a c t o r s )  a t  each opera t ing  po in t .  
The d i f f e rences  seen i n  the  equiva len t  weight flow versus pressure  r a t i o  
curves was a t t r i b u t e d  p a r t i a l l y  t o  t h e  coef f ic ienes  used i n  t h e  computer 
program, and p a r t i a l l y  t o  v a r i a t i o n s  i n  bladerow t h r o a t  areas in  t h e  assembled 
hardware compared t o  design i n t e n t  

The d a t a  show reasonable  

In Figure 7 5 ,  t o t a l - t o - t o t a l  e f f i c i e n c y  versus  t o t a l - t o - t o t a l  p ressure  
r a t i o  f o r  t h e  design speed l i n e  is compared f o r  a l l  three-s tage tu rb ine  config- 
ura t ions ,  A t  t he  design poin t  (Pressure r a t i o  = 3.47) t he  e f f i c i e n c i e s  f e l l  
wi th in  0,003 of each o t h e r ,  wi th  no turb ine  exh ib i t i ng  a h igher  e f f i c i ency  than 
the  p l a in  b lade  tu rb ine  (Configuration 1 - PPPPPP). The p l a i n  b lade  tu rb ine  
r e t a ined  the  h ighes t  e f f i c i e n c y  of the  four  tu rb ines  u n t i l  t h e  pressure  r a t i o  
dropped t o  about 2.7.  Below t h i s  pressure  r a t i o ,  t h e  p l a i n  b l ade  tu rb ine  
e f f i c i ency  f e l l  below t h e  e f f i c i e n c i e s  of Configurat ion 5 (PPPPPT) and Config- 
u ra t ion  7 (PPPPLP). 
e f f i c i ency  a t  t he  design poin t  than t h e  p l a in  b l ade  tu rb ine ,  two tu rb ines  (Con- 
f igu ra t ion  5 - PPPPPT and Configuration 7 - PPPPLP) maintained a h igher  e f f i c i ency  
throughout a g rea t e r  por t ion  of t h e  operat ing range. 

In summary, while  no tu rb ine  t e s t e d  exh ib i t ed  a h igher  

In Figure 76 equiva len t  weight flow versus t o t a l - t o - t o t a l  p ressure  r a t i o  
f o r  the design equiva len t  speed l i n e  is compared f o r  a l l  three-s tage conf igura t ions .  
The curve is the  same f o r  a l l  except Configuration 6 (PPTPTT) , which had a 
s l i g h t l y  lower equiva len t  weight flow throughout t h e  opera t ing  range. 
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Figure 77 compares t o t a l - t o - t o t a l  e f f i c i e n c y  versus t o t a l - t o - t o t a l  p r e s s u r e  
r a t i o  at  design equivalent  speed f o r  t he  two-stage t u r b i n e  configurat ions.  The 
gain i n  performance achieved by the  tandem Stage Two s t a t o r  t u r b i n e  (Configura- 
t i o n  4 - PPTP) is  c l e a r l y  i l l u s t r a t e d .  A t  t h e  p re s su re  r a t i o  corresponding t o  
design equivalent  s p e c i f i c  work of t h e  two-stage p l a i n  blade t u r b i n e  (Pressure 
r a t i o  = 2.661, t he  p l a i n  blade t u r b i n e  e f f i c i e n c y  w a s  0.868, wh i l e  t he  tandem 
blade tu rb ine  e f f i c i e n c y  w a s  0.880 e 

Figure 78 compares equivalent  weight flow versus t o t a l - t o - t o t a l  p re s su re  
r a t i o  f o r  the two-stage t u r b i n e s .  The lower equivalent  weight flow obtained 
i n  t h e  three-stage and two-stage tu rb ines  which used t h e  tandem s t a t o r  i n  
Stage Two suggests t h a t  t h e r e  w a s  a change i n  t h e  Stage Two flow c o e f f i c i e n t  
caused by the passage of t he  forward a i r f o i l  wake through t h e  t h r o a t  of the 
Stage Two tandem s t a t o r  and by t h e  passage of t h e  double wake through t h e  
Stage Two ro to r .  

I n  Figures 79 through 85, curves of s t a t i c  p res su re  normalized by i n l e t  
t o t a l  pressure versus axial s t a t i o n  are presented €or  var ious t u r b i n e  p re s su re  
r a t i o s  t o  i l l u s t r a t e  t h e  i n t e r s t a g e  hub and t i p  s t a t i c  p res su re  behavior of 
t h e  t u r b i n e  configurat ions.  Figure 79 (Configuration 1 - PPPPPP) i n d i c a t e s  t h a t  
the Stage One r o t o r  hub a t  lower p re s su re  r a t i o s  had p o s i t i v e  r e a c t i o n  and as 
pressure r a t i o  increased,  t h e  r e a c t i o n  became negat ive e Stage One w a s  designed 
f o r  approximately e i g h t  percent  p o s i t i v e  hub r e a c t i o n g  while  test d a t a  i n d i c a t e d  
s l i g h t l y  negat ive hub r e a c t i o n  a t  t h e  design po in t .  Figure 79 a l s o  i n d i c a t e s  
t h a t  t h e  Stage Three r o t o r  hub at  lower p re s su re  r a t i o s  had p o s i t i v e  r e a c t i o n  
which became negat ive r e a c t i o n  as t h e  p re s su re  r a t i o  increased.  I n  t h i s  case, . 
t he  Stage Three r o t o r  hub w a s  designed f o r  approximately twenty percent  negat ive 
r eac t ion .  Figure 82 i l l u s t r a t e s  t h e  in f luence  of t h e  Stage Three leaned s t a t o r  
(Configuration 7 - PPPPLP) on r eac t ion .  The leaned s t a t o r  configurat ion t u r b i n e  
had a p o s i t i v e  r e a c t i o n  Stage Three r o t o r  throughout i t s  e n t i r e  operat ing range e 

Stage Performance - Stage performance c a l c u l a t i o n s  were performed i n  o rde r  
t o  i s o l a t e  and assess t h e  e f f e c t s  of t h e  tandem and leaned s t a t o r s  and the  tandem 
r o t o r  when the  tu rb ine  w a s  operat ing a t  i ts  design speed and pressure r a t i o .  
Table V I 1 1  summarizes t h e  s t a g e  performances a 

Stage One w a s  n o t  s i g n i f i c a n t l y  a f f ec t ed  at  t h e  design p o i n t  by the  var ious 
downstream configurat ions which w e r e  t e s t e d .  

The most s i g n i f i c a n t  performance gain r e l a t i v e  t o  the  p l a i n  b i ade  t u r b i n e  
w a s  t h e  inc rease  i n  e f f i c i e n c y  achieved by the  Stage Two tandem s t a t o r .  The 
s t a g e  e f f i c i e n c y  c a l c u l a t i o n s  show Stage Two with t h e  tandem s t a t o r  had a co ta l -  
t o - t o t a l  e f f i c i e n c y  of 0.873 compared t o  0.846 f o r  Stage Two wi th  t h e  p l a i n  
blade s t a t o r .  

The cascade tests performed i n  conjunction wi th  t h e  t u r b i n e  r o t a t i n g  tests 
and reported i n  Reference 2 give an i n d i c a t i o n  of t h e  reasons f o r  t h i s  s i g n i -  
f i c a n t  d i f f e rence  i n  e f f i c i e n c y .  Cascade t e s t i n g  of the Stage Two p l a i n  s t a t o r  
hub s e c t i o n  showed a high s e n s i t i v i t y  t o  p o s i t i v e  incidence angle  due t o  
sepa ra t ion  from t h e  s u c t i o n  s u r f a c e  a t  about 0.8 of t h e  vane a x i a l  width a t  
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p o s i t i v e  incidence angles .  The Stage Two tandem s t a t o r  had less s e n s i t i v i t y  t o  
p o s i t i v e  incidence angle with no evidence of s epa ra t ion .  The tandem s t a t o r  
hub s e c t i o n  t e s t e d  a l s o  achieved e x i t  angles  c l o s e r  t o  design e x i t  angle than 
the  p l a i n  s t a t o r  s e c t i o n .  
and thus e x t r a c t  more work. 

This  allowed the Stage Two r o t o r  t o  do more tu rn ing  

Another s i g n i f i c a n t  r e s u l t  w a s  t h a t  t he  Stage Three reduced s o l i d i t y  tandem 
s t a t o r  pa i r ed  wi th  t h e  Stage Three. tandem r o t o r  i n  Configuration 6 (PPTPTT) had 
an e f f i c i e n c y  of 0.856 compared t o  0.918 f o r  t h e  p l a i n  s t a t o r  - tandem r o t o r  
Stage Three used i n  Configuration 5 (PPPPPT) and 0.923 f o r  t he  p l a i n  s t a t o r -  
p l a i n  r o t o r  Stage Three used i n  Configuration 1 (PPPPPP). Th i s  decrease i n  
e f f i c i e n c y  w a s  mainly a t t r i b u t e d  t o  t h e  e f f e c t  of t he  reduced s o l i d i t y  s t a t o r ;  
however, it is speculated t h a t  some of the decrease i n  e f f i c i e n c y  w a s  due t o  
t h e  i n t e r a c t i o n  between the  two tandem bladerows. 

It is i n t e r e s t i n g  t o  note t h e  comparison between the p l a i n  blade tu rb ine  
(Configuration 1 - PPPPPP) wi th  a design po in t  o v e r a l l  e f f i c i e n c y  of 0.886 and 
the tu rb ine  using tandem blading i n  Stage Two s t a t o r ,  Stage Three s t a t o r  and 
Stage Three r o t o r  (Configuration 6 - PPTPTT) with a design p o i n t  o v e r a l l  
e f f i c i e n c y  of 0.883. Even though the reduced s o l i d i t y  tandem stator-tandem 
r o t o r  Stage Three w a s  r e l a t i v e l y  low i n  e f f i c i e n c y ,  t he  tandem s t a t o r - p l a i n  
r o t o r  Stage Two w a s  high enough i n  e f f i c i e n c y  t o  enable the o v e r a l l  t u r b i n e  
e f f i c i e n c y  t o  be down only 0.003 r e l a t i v e  t o  t h e  p l a i n  blade tu rb ine .  This  
could be an important f a c t o r  when trade-offs between weight and e f f i c i e n c y  
can b e  considered. 

The Stage Three leaned s t a t o r  used i n  Configuration 7 (PPPPLP) had no 
in f luence  on the  Stage Three e f f i c i e n c y  
a t  the design po in t  compared t o  the  p l a i n  b l ade  tu rb ine .  However, a s i g n i f i c a n t  
r e s u l t  of t h e  use of t h e  leaned s t a t o r  w a s  observed i n  the  reduction i n  t h e  
tu rb ine  e x i t  s w i r l  g r ad ien t  compared t o  the  p l a i n  b l ade  tu rb ine .  This  w a s  a 
r e s u l t  of the improved hub t o  t i p  s t a t i c  p re s su re  g rad ien t  at  t h e  leaned s t a t o r  
e x i t .  Another s i g n i f i c a n t  r e s u l t  w a s  t h e  achievement of nea r  zero r eac t ion  
across  t h e  Stage Three r o t o r  hub. These e f f e c t s  are i l l u s t r a t e d  i n  Figures 86 
through 88. 

o r  on t h e  o v e r a l l  t u r b i n e  e f f i c i e n c y  

Rotor Exi t  Survey - Turbine e f f i c i e n c y  contour p l o t s  showing l o c a l  
e f f i c i e n c y  as a funct ion of radius  r a t i o  and c i r cumfe ren t i a l  p o s i t i o n  f o r  each 
tu rb ine  conf igu ra t ion  design po in t  are presented i n  Figures  89 through 95. 
These p l o t s  are use fu l  f o r  observing t r ends  i n  s o  f a r  as they i n d i c a t e  the  
regions of high e f f i c i e n c y  at  t h e  p i t c h l i n e  between the last s t a g e  s t a t o r  wakes 
and the  regions of low e f f i c i e n c y  i n  the  v i c i n i t y  of t he  t i p ,  with a l a r g e  
decrease i n  e f f i c i e n c y  toward t h e  hub 

The temperature and pressure d a t a  used t o  cons t ruc t  t h e s e  p l o t s  w e r e  man- 
u a l l y  read from the X-Y cha r t s  produced by the  t r a v e r s i n g  survey probe. The 
accuracy of t h i s  technique is only s u f f i c i e n t  t o  determine l o c a l  t r ends  and 
not absolute  l e v e l  of l o c a l  e f f i c i e n c y ;  t hus ,  t h e  reader  i s  cautioned aga ins t  
drawing conclusions about the r e l a t i v e  performance of t h e  var ious tu rb ine  
configurat ions from these  contour p l o t s .  
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Figures 96 through 98 compare the  l o c a l  t u r b i n e  t o t a l  p ressure  r a t i o  as a 
funct ion of c i rcumferent ia l  l oca t ion  f o r  t he  th ree  s t a g e  tu rb ine  groups. It i s  
i n t e r e s t i n g  t o  note  t h a t  t he  s t a t o r  wakes i n  the  hub region only appeared behind 
the conf igura t ion  wi th  the  t angen t i a l ly  leaned s t a t o r  i n  the  t h i r d  s t age .  
Based on t h i s  information i t  w a s  concluded t h a t  t he  o t h e r  three-s tage configu- 
r a t ions  had l o c a l  boundary l a y e r  separa t ion  a t  t h e  hub. 

The conclusion of l o c a l  boundary l a y e r  s epa ra t ion  a t  t h e  tu rb ine  hub is 
a l s o  subs t an t i a t ed  i n  Figures  99 through 101whiCh shcw the tu rb ine  ex i t  flow 
angle as a funct ion of c i rcumferent ia l  pos i t i on .  These f igu res  i n d i c a t e  t h a t  
the  flow experienced more turn ing  i n  t h e  three-s tage conf igura t ion  which had 
the  leaned s t a t o r  i n  t h e  t h i r d  s t age .  

Radial  Ef f ic iency  P r o f i l e s  - Radial  e f f i c i e n c y  p l o t s  showing average 
c i rcumferent ia l  e f f i c i e n c y  f o r  each turb ine  conf igura t ion  design p o i n t  are 
presented i n  Figures 102 through 106, 
sures  measured by the  s i x  f ixed  exi t  c i rcumferent ia l  a r c  rakes  and recorded 
by the  d i g i t a l  recording system were used t o  c a l c u l a t e  average l o c a l  
e f f i c i e n c i e s  . 

The t o t a l  temperatures and t o t a l  pres- 

I n  Figures 102 through 104 t h e  r a d i a l  e f f i c i e n c y  p r o f i l e  of the  three-s tage 
p l a in  b lade  tu rb ine  (Configuration 1 - PPPPPP) is  compared wi th  each of the 
o the r  three-s tage tu rb ines .  The e f f i c i ency  of Configurat ion 5 (PPPPPT) w a s  
s l i g h t l y  h igher  from hub t o  p i t c h ,  and f e l l  below Configurat ion 1 from p i t c h  
t o  t i p .  The o v e r a l l  e f f i c i e n c y  of Configuration 5 w a s  s l i g h t l y  lower than . 
t he  p l a i n  b lade  tu rb ine .  During the  design phase of the Stage Three tandem 
r o t o r  i t  w a s  be l ieved  t h a t  tandem blad ing  would improve bladerow performance 
i n  the  hub region,  b u t  no t  much b e n e f i t  would b e  obtained from tandem blad ing  
i n  the  t i p  region. Therefore ,  t he  tandem r o t o r  b lade  w a s  designed wi th  a 
decreasing t angen t i a l  gap between forward and a f t  a i r f o i l s  from hub t o  t i p  such 
t h a t  the two a i r f o i l s  merged a t  t he  t i p .  The r e s u l t s  of t he  cascade t e s t i n g  
reported i n  Reference 2 i nd ica t ed  t h a t  t he re  w a s  a change i n  bladerow e f f i c i e n c y  
wi th  a change i n  t a n g e n t i a l  gap. The r a d i a l  e f f i c i e n c y  p r o f i l e  seems t o  i n d i c a t e  
t h a t  a pena l ty  w a s  sus t a ined  i n  the  p i t ch  t o  t i p  region because of the  decreasing 
t angen t i a l  gap. Configurat ion 6 (PPTPTT) had s l i g h t l y  h igher  e f f i c i ency  than 
Configuration 1 from the hub t o  about 30 percent  of t he  ex i t  he igh t .  From 
there  t o  the  t i p  the  e f f i c i e n c y  w a s  considerably lower. The o v e r a l l  e f f i c i ency  
of Configuration 6 w a s  0.003 below t h a t  of the p l a i n  b lade  tu rb ine .  The leaned 
s t a t o r  t u rb ine  (Configuration 7 - PPPPLP) had h igher  e f f i c i ency  from hub t o  
p i t c h ,  bu t  w a s  lower from p i t c h  t o  t i p .  The o v e r a l l  e f f i c i e n c i e s  of the  leaned 
and p l a i n  tu rb ine  w e r e  t he  s a m e  a t  t h e  design po in t .  

Figure 105 compares r a d i a l  e f f i c i ency  p r o f i l e s  of t he  two-stage turb ines .  
The p r o f i l e  shapes are similar, b u t  t he  p l a i n  b lade  tu rb ine  (Configuration 2 - 
PPPP) p r o f i l e  is lower than t h a t  of t he  tandem turb ine  (Configuration 4 - PPTP) 
throughout t h e  entire tu rb ine  exit  he ight .  The two p r o f i l e s  have the  g r e a t e s t  
divergence i n  the  hub region,  i nd ica t ing  t h a t  much of the  gain i n  o v e r a l l  per- 
formance by the  tandem tu rb ine  w a s  achieved i n  t h i s  region.  The tandem turbIne 
design po in t  e f f i c i e n c y  w a s  0.880 compared t o  0.8675 f o r  t he  p l a i n  turb ine .  
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The r a d i a l  e f f i c i e n c y  p r o f i l e  of t h e  s i n g l e  s t a g e  tu rb ine  i s  shown i n  
Figure 106. The p r o f i l e  shows t h a t  t h e  tu rb ine  w a s  more e f f i c i e n t  i n  t h e  upper 
h a l f  of t h e  flowpath than i n  t h e  lower h a l f .  

The r a d i a l  e f f i c i e n c y  p r o f i l e s  f o r  each t u r b i n e  conf igura t ion  show high 
e f f i c i e n c i e s  wi th  pronounced drop-offs i n  e f f i c i e n c y  toward t h e  hub and t h e  t i p .  
This  is an i nd ica t ion  of t h e  e f f e c t s  of s t rong  secondary f lowf ie lds  generated 
by t h e  high turn ing  bladerows. The p i t c h l i n e  e f f i c i e n c y  is  a measure of t h e  
f u l l  p o t e n t i a l  of each bladerow. Addit ional  improvements i n  t h e  hub and t i p  
areas are required t o  enable  t h e  bladerows t o  u t i i l i z e  t h e i r  f u l l  p o t e n t i a l .  

Reynolds Number E f f e c t s  - The tu rb ine  Reynolds number w a s  va r i ed  by 
operat ing t h e  tu rb ine  over a range of i n l e t  p re s su res  ( thus changing t h e  dens i ty  
l e v e l )  whi le  maintaining a constant  t u r b i n e  p re s su re  r a t i o .  

I n  Figures  107 through 113  p l o t s  of t o t a l - t o - t o t a l  e f f i c i ency  versus  
blade-jet  speed r a t i o  at constant  t o t a l - t o - s t a t i c  pressure  r a t i o  and var ious 
i n l e t  t o t a l  p ressures  are presented f o r  each t u r b i n e  configurat ion.  These 
p l o t s  i l l u s t r a t e  t h e  e f f e c t s  of changing i n l e t  p ressure  on tu rb ine  e f f i c i ency  
as t h e  tu rb ine  opera tes  through its speed range. With each inc rease  i n  t u r b i n e  
i n l e t  p ressure  (and corresponding inc rease  i n  tu rb ine  Reynolds number) t h e  
inc rease  i n  e f f i c i ency  becomes smaller u n t i l  a t  some po in t ,  no f u r t h e r  i nc rease  
i n  e f f i c i e n c y  should be  obtained.  The curves i n d i c a t e  t h a t  t h i s  po in t  w a s  no t  
reached i n  test .  

P l o t s  of t o t a l - t o - t o t a l  e f f i c i e n c y  as a func t ion  of t u r b i n e  Reynolds number 
f o r  three-s tage,  two-stage, and one-stage tu rb ine  groups are presented i n  Figures  
114 through 116. P l o t s  of equiva len t  weight flow versus tu rb ine  Reynolds number 
f o r  t h e  same tu rb ine  groups are presented i n  Figures  1 1 7  through 119. Each 
poin t  on t h e  p l o t s  represents  da t a  obtained a t  o r  near  t h e  design opera t ing  
poin t .  Severa l  observat ions about t h e  p l o t s  can be made: 

1. There i s  a decrease i n  design poin t  e f f i c i e n c y  and equiva len t  
weight flow as tu rb ine  Reynolds number is  lowered. 

2. The tu rb ine  conf igura t ions  which used tandem blad ing  experience 
a l a r g e r  decrease i n  e f f i c i e n c y  and equiva len t  weight flow with 
decreasing Reynolds number than t h e  p l a i d  blade turb ines .  

3 .  There appears t o  be  a r e l a t ionsh ip  between change i n  e f f i c i e n c y  
and change i n  equiva len t  weight flow as a r e s u l t  of change i n  
Reynolds number. 

Figures  117 and 118 show t h a t  t h e  conf igura t ions  containing the  tandem 
s t a t o r  i n  Stage Two have lower equiva len t  weight flows than those conf igura t ions  
using t h e  p l a i n  Stage Two s t a t o r .  A s  discussed previously,  t h i s  w a s  a t t r i b u t e d  
t o  a lower s t age  flow c o e f f i c i e n t  caused by t h e  tandem a i r f o i l  wakes. 
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Figure 116 shows t h a t  t he  s i n g l e  s t a g e  tu rb ine  experienced a l a r g e r  
decrease i n  e f f i c i e n c y  with decreasing Reynolds number than t h e  three-s tage 
and two-stage tu rb ines .  The curve of equiva len t  weight flow versus  Reynolds 
number f o r  t he  s i n g l e  s t a g e  tu rb ine  (Figure 119) appears t o  be  cons i s t en t  with 
the  three-s tage and two-stage t u r b i n e  curves.  It appears t h a t  f a c t o r s  o t h e r  
than Reynolds number w e r e  p resent  s i n c e  t h e  decrease i n  equiva len t  weight flow 
was cons i s t en t  wi th  three-s tage and two-stage r e s u l t s ,  whi le  e f f i c i e n c y  w a s  no t .  
One f a c t o r  con t r ibu t ing  t o  t h e  lower than expected s i n g l e  s t a g e  tu rb ine  per- 
formance a t  t h e  lower Reynolds number opera t ing  p o i n t s  w a s  t h e  increased  per- 
centage of t h e  t u r b i n e  horsepower be ing  absorbed by t h e  tu rb ine  bear ings  and 
windage lo s ses  e x t e r n a l  t o  t h e  tu rb ine .  

Recommended Improvements - The a n a l y s i s  of t h e  d a t a  taken  during the  two 
dimensional cascade tests and t h e  r o t a t i n g  cold air  tu rb ine  tests c l e a r l y  ind i -  
cate t h e  areas of performance d e f i c i e n c i e s  w i t h i n  t h e  tu rb ine .  
mendations t o  improve t h e  o v e r a l l  performance of  t h i s  three-s tage h ighly  loaded 
fan d r ive  tu rb ine  based on these  tes t  r e s u l t s  are descr ibed  below: 

Several recom- 

1. Operate t h e  three-s tage p l a i n  b lade  tu rb ine  wi th  t h e  tandem Stage 
Two vane. It is  predic ted  t h a t  t h i s  w i l l  increase  the  o v e r a l l  
performance of t h e  tu rb ine  by one percent .  

2. Operate t h e  t u r b i n e  w i t h  t h e  leaned Stage Three s t a t o r  ahead of  
t he  tandem Stage Three r o t o r .  Th i s  w i l l  produce a p o s i t i v e  
r eac t ion  a t  t h e  hub and thus  provide t h e  r o t o r  w i th  a more 
favorable  flow f i e l d  i n  which t o  opera te .  

3. Design and tes t  a tandem Stage Three s t a t o r  wi th  t h e  same s o l i d i t y  as 
t h e  p l a i n  Stage Three s t a t o r .  
l o s ses  observed i n  Configurat ion 6 (PPTPTT) were due e n t i r e l y  t o  
t h e  reduced s o l i d i t y  Stage Three tandem s t a t o r  or  due p a r t i a l l y  t o  
an i n t e r a c t i o n  between t h e  tandem s t a t o r  and t h e  tandem r o t o r  b lade .  

This  w i l l  e s t a b l i s h  whether t h e  

4 .  Design and tes t  a tandem Stage Two b lade  s i n c e  t h i s  b lade  opera tes  
i n  a s t a g e  wi th  h igh  tu rn ing  s t a t o r  and r o t o r  a i r f o i l s  which produce 
38 percent  of t h e  t o t a l  t u rb ine  output  as compared t o  t h e  t h i r d  
s t a g e  which only produces 20 percent  of t h e  t o t a l  output  and has  
less turn ing  i n  its bladerows. 

The r a d i a l  e f f i c i e n c y  p r o f i l e s  i n d i c a t e  h igher  l e v e l s  of e f f i c i e n c y  i n  
t h e  p i t c h  region wi th  a l a r g e  f a l l  oEf toward t h e  hub. I n  o rde r  t o  improve 
the  o v e r a l l  e f f i c i e n c y  of t hese  s t a g e s  add i t iona l  techniques must be developed 
t o  diminish t h e  e f f e c t s  of t h e  s t r o n g  hub region secondary flow f i e l d s  generated 
by t h e  high turn ing  bladerows. 
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MECHANICAL EVALUATION 

The p l a i n  and tandem r o t o r ' b l a d e s  w e r e  v i b r a t i o n  and f a t i g u e  t e s t e d  under 
laboratory condi t ions t o  s u b s t a n t i a t e  t he  a n a l y t i c a l  e f f o r t  r epor t ed  i n  
References 3 and 4, and t o  experimentally i n s u r e  the  i n t e g r i t y  of t h e  blades 
i n  an a i r  t u r b i n e  environment through the  examination of p o s s i b l e  f a i l u r e  
regions and corresponding stress levels. 

LABORATORY TEST OF PLAIN BLADE AIRFOILS 

Bench Frequency and Nodal P a t t e r n  Determination - A s  a means of subs t an t i a -  
t i n g  the predicted p l a i n  blade n a t u r a l  frequencies reported i n  Reference 3 ,  a 
laboratory determination of t hese  frequencies and t h e  corresponding nodal 
p a t t e r n s  w a s  undertaken. This e f f o r t  included t h e  determination of fundamental 
and higher  order  frequency modes f o r  both can t i l eve red  ( r e s t r a i n e d  a t  t h e  hub 
and free at the  t i p )  and fixed-fixed ( r e s t r a ined  a t  the  hub and t h e  t i p )  
condi t ions.  
ted i n  Figure 120. 

The r e s t r a i n t s  used i n  t e s t i n g  under these  condi t ions are i l l u s t r a -  

Campbell Diagrams incorporat ing t h e  most probable and higher  o rde r  complex 
modes are presented f o r  each s t a g e  i n  Figures 1 2 1  through 123. The r e s t r a i n i n g  
conditions most l i k e l y  t o  represent  t h e  a i r  tu rb ine  behavior of t h e  b l ades  w e r e  
chosen t o  arrive a t  the most probable modes of v ib ra t ion .  Cen t r i fuga l  s t i f f e n i n g  
and temperature versus speed e f f e c t s  on blade frequency w e r e  neglected.  It . 
should be noted t h a t  t h e  f i g u r e s  compare p red ic t ed  and test frequencies  f o r  a l l  
t he  fundamental modes except t he  f l e x u r a l  modes. Predicted frequencies  f o r  t h e  
f l e x u r a l  modes inc lude  s l i p p i n g  between adjacent  t i p  shrouds, a condi t ion which 
could n o t  be simulated i n  t h e  laboratory.  
made. The test frequencies  f o r  t h e  a x i a l  and t o r s i o n a l  modes were i n  good 
agreement with p red ic t ed  values ,  lending credence t o  t h e  p red ic t ed  f l e x u r a l  
mode frequencies.  The importance of t h e  presence of t he  complex higher  order  
modes within the tu rb ine  operat ing range w a s  diminished by the  f a c t  t h a t  sub- 
s t a n t i a l  p a s t  experience with o t h e r  blading has shown t h a t  t hese  modes normally 
r equ i r e  higher  amounts of energy t o  d r i v e  and thus become less s i g n i f i c a n t  
r e l a t i v e  t o  the fundamental modes. Since t h e  l abora to ry  test r e s u l t s  f o r  t h e  
fundamental modes w e r e  i n  c l o s e  agreement with t h e  predicted values ,  t he  d i s -  
cussion of t he  fundamental mode resonances wi th in  t h e  t u r b i n e  ope ra t ing  range 
presented i n  Reference 3 remained v a l i d ,  and i t  w a s  concluded t h a t  t he  b l ades  
would not experience any excessive v i b r a t i o n  during a i r  t u r b i n e  operat ion.  

Thus, no v a l i d  comparisons could be 

Bench Fatigue Endurance T e s t i n g  - A bench f a t i g u e  endurance test w a s  
performed on samples of each r o t o r  bladerow i n  o rde r  t o  e s t a b l i s h  t h e  f a t i g u e  
c h a r a c t e r i s t i c s  of t h e  AIS1 410 S t a i n l e s s  S t e e l  i n  t h e  machined hardware 
configurat ion relative t o  polished bars tock specimens e s t a b l i s h e d  as t h e  norm, 
and t o  determine r e l a t i v e l y  weak areas on t h e  blades.  

A s  shown on the  Campbell Diagrams f o r  each s t a g e  (Figures 1 2 1  through 123) 
the resonances with t h e  f i r s t  f l e x u r a l  mode occur c l o s e s t  t o  t h e  design speed, 
and thus pose the  g r e a t e s t  t h r e a t  t o  success fu l  operat ion of t h e  tu rb ine .  
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Hence, t h e  hlades w e r e  fat-lgue t e s t ed  i n  the first f l e x u r a l  mode. Although 
t h e  f i rs t  Flexural mode could not be exac t ly  simulated i n  t h e  l abora to ry ,  a 
po r t ion  of the blade behavior i n  t h i s  mode w a s  simulated by f a t i g u e  t e s t i n g  
under can t i l eve red  boundary condi t ions.  This accounts f o r  t h e  d i f f e r e n c e s  
between predicted f i r s t  f l e x u r a l  f requencies  presented i n  t h e  Campbell Diagrams 
and laboratory blade frequencies  shown i n  Table I X .  Since t r u e  ope ra t ing  con- 
d i t i o n s  w e r e  not  simulated,  t h e  test d a t a  should be used only i n  a q u a l i t a t i v e  
manner. Fatigue t e s t i n g  w a s  conducted a t  room temperature. S t r e s s  levels 
w e r e  s e l e c t e d ,  and t h e  b l ades  w e r e  cycled t o  f a i l u r e .  I f  no f a i l u r e  occurred 
wi th in  one m i l l i o n  cyc le s  (run o u t ) ,  t h e  stress levels w e r e  increased and t h e  
blades w e r e  re-cycled t o  f a i l u r e .  
f a i l u r e  loca t ion ,  cycles  t o  f a i l u r e ,  and maximum stress on t h e  b l ades  a t  t h e  
t i m e  of f a i l u r e ,  are presented i n  Table X. Photographs of t h e  b l ade  f a i l u r e s  
are presented i n  Figures 124 and 125.  

The r e s u l t s  of t h e  t e s t i n g ,  i nc lud ing  

The laboratory f a t i g u e  d a t a  compared favorably wi th  t h e  average f a t i g u e  
Charac t e r i s t i c s  f o r  AIS1 410 Stainless S t e e l .  The material i n  a machined 
blade configurat ion su f fe red  l i t t l e  o r  no f a t i g u e  s t r e n g t h  d e t e r i o r a t i o n  
r e l a t i v e  t o  the pol ished bars tock specimens e s t a b l i s h e d  as t h e  norm. It w a s  
concluded t h a t  t h e  p l a i n  r o t o r  blades had no inhe ren t ly  weak p o i n t s  and had 
s u f f i c i e n t  f a t i g u e  endurance c a p a b i l i t y  f o r  success fu l  a i r  tu rb ine  operat ion.  

LABORATORY TEST OF TANDEM BLADE AIRFOILS 

Bench Frequency and Nodal P a t t e r n  Determination - Because of t he  complexity 
of the shrouded tandem blade configurat ion i n  an a i r  tu rb ine  environment from a .  
v ib ra to ry  s t andpo in t ,  a t tempts  t o  s imulate  t h e  p r e c i s e  behavior of t h e  shroud 
under laboratory condi t ions w e r e  extremely d i f f i c u l t .  To a f i r s t  approximation, 
t h i s  behavior w a s  most c l o s e l y  represented by a combination of r e s u l t s  a t t a i n e d  
by t e s t i n g  the  a i r f o i l s  under can t i l eve red  condi t ions ( f ixed  hub and f r e e  t i p )  
and fixed-fixed condi t ions ( f ixed  a t  t h e  hub and f i x e d  a t  t h e  t i p ) .  Natural  
frequencies and t h e i r  corresponding nodal p a t t e r n s  w e r e  thus recorded f o r  both 
fixed-fixed and can t i l eve red  condi t ions.  

For both the fixed-fixed and t h e  can t i l eve red  cond i t ions ,  f requencies  
were determined f o r  t h e  case of t h e  a f t  a i r f o i l  being exc i t ed  i n  one of i t s  
n a t u r a l  f requencies  (and thus possibly d r iv ing  t h e  forward a i r f o i l  through 
geometric and mechanical coupling),  and f o r  t h e  case of t h e  forward a i r f o i l  
being exci ted i n  one oE i ts  modes. Both p o s s i b i l i t i e s  e x i s t  under a c t u a l  
operat ing condi t ions.  The purpose of t h i s  phase of t h e  t e s t i n g  w a s  t o  de t e r -  
mine whether, i f  one of t h e  a i r f o i l s  were t o  v i b r a t e  i n  i t s  n a t u r a l  frequency, 
the e x c i t a t i o n  would be s t rong  enough t o  c a r r y  t h e  o t h e r  a i r f o i l  t o  s i g n i f i c a n t  
v ib ra to ry  levels. It w a s  concluded from t h e  t e s t i n g  t h a t  t h i s  behavior would 
indeed e x i s t  . 

Campbell Diagrams showing t h e  s i g n i f i c a n t  most probable modes of v i b r a t i o n  
are presented i n  Figures 126 and 127.  Since i n  a i r  t u r b i n e  t e s t i n g ,  t h e  tandem 
r o t o r  w a s  preceded by a 100 vane s t a t o r  (Configuration 1 - PPPPPP and Config- 
u ra t ion  5 - PPPPPT) and a l s o  a 76 vane s t a t o r  (Configuration 6 - PPTPTT), 
Campbell Diagrams containing t h e  known s t i m u l i  f o r  each case are presented 
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f o r  convenience. Only r e s u l t s  f o r  f ixed-fixed t e s t i n g  are included f o r  t h e  
forward a i r f o i l  motion s i n c e  t h e  shroud and d o v e t a i l  are so massive r e l a t i v e  
t o  the a i r f o i l .  For t h e  a f t  a i r f o i l ,  a combination of fixed-fixed and can t i -  
levered r e s u l t s  i s  presented. 
have been omitted as w a s  done i n  t h e  p l a i n  blade evaluat ion.  

The higher  o rde r  complex modes of v i b r a t i o n  

The s e v e r a l  p o s s i b l e  resonance p o i n t s  i n d i c a t e d  by Figures 126 and 127 w e r e  
examined t o  determine t h e i r  e f f e c t  on success fu l  operat ion of t h e  tandem blade 
air  turbine.  A s  w a s  t h e  case with t h e  p l a i n  b l ade  eva lua t ion ,  t h e  f i r s t  f l e x  
mode is the only fundamental mode which is resonant w i th in  t h e  ope ra t ing  range 
near t he  design speed. 
cant e i t h e r  because t h e  modes are more d i f f i c u l t  t o  d r i v e  o r  because t h e  modes 
are i n  resonance with subharmonics of t h e  t h i r d  s t a g e  s t a t o r  s t imulus and thus  
r e l a t i v e l y  weak i n  nature .  
chosen f o r  f u r t h e r  i n v e s t i g a t i o n  i n  t h e  f a t i g u e  endurance t e s t i n g .  

The o t h e r  resonances w e r e  determined t o  b e  less s i g n i f i -  

Therefore,  t h e  f i r s t  f l e x  mode of v i b r a t i o n  w a s  

During the  design phase of t h e  program, i t  w a s  concluded t h a t  a p i n  con- 
nect ing the forward and a f t  a i r f o i l s  near t h e  p i t c h l i n e  w a s  necessary t o  i n s u r e  
the  dynamic s t a b i l i t y  of t he  tandem b lade  during a i r  t u r b i n e  t e s t i n g .  
a i r f o i l s  were joined by "half-pins" which were machined onto t h e  a i r f o i l s  during 
manufacture and brazed together  a t  assembly. 
v ib ra to ry  behavior of t he  tandem blades i f  t h e  braze j o i n t  a t  t h e  p i n  should 
break. 
w a s  found t h a t  t h e  separated blades w e r e  very hard t o  d r i v e  t o  any s i g n i f i c a n t  
amplitude. 
pin halves banged together .  
j o i n t  would not  present  a problem. 

The two 

Concern w a s  expressed about t h e  

Such an event  occurred during v i b r a t i o n  t e s t i n g  of t he  b l ades ,  and i t  

This w a s  bel ieved t o  b e  due t o  t h e  damping of motion caused when t h e  
Thus, it w a s  concluded t h a t  s epa ra t ion  a t  the  b raze  

Bench Fatigue Endurance Test ing - Because of t h e  complex geometry i n  t h e  
p in  region and t h e  sharp edges i n  the  hub and t i p  shroud regions,  i t  w a s  
decided t h a t  f ixed-fixed clamping condi t ions would y i e l d  f a t i g u e  t e s t i n g  
r e s u l t s  most r ep resen ta t ive  of p o s s i b l e  tandem blade behavior i n  t h e  a i r  
turbine.  The tandem blades were then cycled i n  the  f i r s t  f l e x u r a l  mode of 
v ib ra t ion  a t  room temperature. 
enough t o  include t h e  t e s t i n g  of a l a r g e  sample of tandem blades a t  temperatures 
and boundary condi t ions r e p r e s e n t a t i v e  of t r u e  a i r  tu rb ine  operat ing condi t ions,  
the r e s u l t s  were used only i n  a q u a l i t a t i v e  manner. 

Since t h e  scope of t h e  program w a s  no t  broad 

The r e s u l t s  of t h e  f a t i g u e  t e s t i n g ,  i nc lud ing  f a i l u r e  l o c a t i o n ,  cycles  t o  
f a i l u r e ,  and maximum stress a t  t h e  t i m e  of f a i l u r e ,  are presented i n  Table X. 
Photographs showing a t y p i c a l  f a t i g u e  crack on t h e  leading edge of t h e  forward 
a i r f o i l  j u s t  under t h e  t i p  shroud are presented i n  Figures 127 and 128. 
i nd ica t ed  i n  the  t a b l e ,  some f a i l u r e s  a t  t h e  p i n  b raze  j o i n t  occurred during 
the  t e s t i n g .  The e f f e c t  of p i n  braze j o i n t  f a i l u r e  on v i b r a t o r y  stress l e v e l s  
w a s  previously discussed. 
f u r t h e r  f a i l u r e  propagation w i l l  occur. On t h e  o t h e r  hand, once a crack 
forms i n  the  parent  blade material, i t  w i l l  propagate r ap id ly .  For these  
reasons,  f a i l u r e s  a t  the  p i n  braze j o i n t  w e r e  rebrazed and the  t e s t i n g  w a s  
continued u n t i l  a f a i l u r e  occurred i n  t h e  pa ren t  material. 
t o  note t h a t  i n spec t ion  of t h e  p i n  braze j o i n t s  a f t e r  a i r  t u r b i n e  t e s t i n g  
revealed t h a t  no such p i n  sepa ra t ions  occurred during a c t u a l  r o t a t i n g  t e s t i n g ,  

A s  

Once t h e  p i n  b raze  f a i l s ,  i t  is not clear t h a t  any 

It is appropr i a t e  
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On the b a s i s  of t h e  v ib ra t ion  and f a t i g u e  endurance t e s t i n g  of t h e  tandem 
blades ,  i t  w a s  concluded t h a t  t he  b lades  had s u f f i c i e n t  f a t i g u e  endurance 
c a p a b i l i t y  f o r  success fu l  opera t ion  i n  the  a i r  tu rb ine .  
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SUMMARY OF RESULTS 

Three highly loaded fan d r ive  tu rb ines  were designed and t e s t e d :  (1) a 
three-stage t u r b i n e  using a l l  p l a i n  blading,  (2)  a three-s tage t u r b i n e  using 
tandem blading,  and ( 3 )  a three-s tage tu rb ine  using a ten-degree t a n g e n t i a l l y  
leaned s t a t o r .  
each used t h e  same flowpath. 
order  t o  eva lua te  the  s t a g e  performance and assess t h e  performance e f f e c t s  of 
the t h r e e  t u r b i n e  designs.  The most s i g n i f i c a n t  r e s u l t s  of t h e  t e s t i n g  and 
eva lua t ion  are summarized below: 

Each t u r b i n e  w a s  designed f o r  t h e  same v e l o c i t y  diagram and 
Seven t u r b i n e  conf igu ra t ions  w e r e  t e s t e d  i n  

1. 

2. 

3. 

4.  

5 .  

6 .  

7 .  

8 .  

A t  t h e  design speed and pressure r a t i o  (pTO/P~3  = 3.47, N / G  = 
3169 .O) t h e  p l a i n  b l ade  t u r b i n e  (Configuration 1 - PPPPPP) achieved 
an o v e r a l l  t o t a l - t o - t o t a l  e f f i c i e n c y  of 0.886.  

A t  t h e  design speed and p res su re  r a t i o ,  t h e  leaned s t a t o r  t u r b i n e  
(Configuration 7 - PPPPLP) a l s o  achieved an o v e r a l l  t o t a l - t o - t o t a l  
e f f i c i e n c y  of 0.886 while  a t  t h e  same t i m e  achieving a s i g n i f i c a n t l y  
improved exit radial s w i r l  p r o f i l e .  The leaned s t a t o r  t u r b i n e  
w a s  a l s o  success fu l  i n  r a i s i n g  t h e  Stage Three hub r e a c t i o n  from 
negat ive 20 percent  t o  2er0 reac t ion .  

While no three-s tage t u r b i n e  conf igu ra t ion  achieved g r e a t e r  design 
point  e f f i c i e n c y  than t h e  p l a i n  blade tu rb ine ,  two t u r b i n e s  (Con- 
f i g u r a t i o n  5 - PPPPPT and Configuration 7 - PPPPLP) maintained h ighe r  
e f f i c i e n c y  than t h e  p l a i n  blade t u r b i n e  throughout a g r e a t e r  p o r t i o n  
of t h e  ope ra t ing  range. 

Stage performance ca l cu la t ions  showed t h a t  t h e  reduced s o l i d i t y  
tandem s t a t o r  i n  Stage Three caused a s i g n i f i c a n t  decrease i n  
s t a g e  e f f i c i e n c y  compared t o  t h e  p l a i n  blade nominal s o l i d i t y  
s t a t o r  s t a g e .  (P la in  stator-tandem r o t o r  Stage Three e f f i c i e n c y  
w a s  0.918;  tandem stator-tandem r o t o r  Stage Three e f f i c i e n c y  
w a s  0.856) .  

The two-stage configurat ion incorporat ing t h e  tandem s t a t o r  i n  
Stage Two achieved a design point  e f f i c i e n c y  of 0.880 compared t o  
0.868 f o r  t h e  two-stage p l a i n  b l ade  tu rb ine .  

Stage performance c a l c u l a t i s n s  showed t h a t  Stage Two with t h e  
tandem s t a t o r  had a s t a g e  e f f i c i e n c y  of 0.873 compared t o  a s t a g e  
e f f i c i e n c y  of 0.846 f o r  t h e  p l a i n  Stage Two. 

The one-stage configuhation achieved a design p o i n t  t o t a l - t o - t o t a l  
e f f i c i e n c y  of 0.875. 

Radial  e f f i c i e n c y  p r o f i l e s  showed high e f f i c i e n c i e s  i n  t h e  p i t c h l i n e  
region, w i th  pronounced drop-offs toward t h e  hub and t h e  t i p .  The 
leaned s t a t o r  t u r b i n e  had improved e f f i c i e n c y  i n  t h e  hub region b u t  
lower e f f i c i e n c y  i n  the  t i p  region compared t o  t h e  p l a i n  blade 
turbine.  
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9 .  Results of Reynolds number t e s t i n g  accomplished by varying tu rb ine  
i n l e t  pressure (and thus varying dens i ty  l e v e l )  i nd ica t ed  decreases  
i n  design po in t  t o t a l - t o - t o t a l  e f f i c i e n c y  wi th  decreasing Reynolds 
number. The t u r b i n e  conf igu ra t ions  using tandem blading experienced 
a l a r g e r  decrease i n  e f f i c i e n c y  with decreasing Reynolds number 
than t h e  p l a i n  blade tu rb ines .  
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APPENDlX A 

OVERALL PERFORMANCE CALCULATION 

Flow Angle - I n  order  t o  eva lua te  turb ine  performance on t h e  b a s i s  of 
tc rb ine  e x i t  t o t a l  p ressure  ca l cu la t ed  from con t inu i ty ,  an average tu rb ine  
e x i t  flow angle  w a s  determined. The tu rb ine  exit  flowpath w a s  divided i n t o  
streamtubes,  and measured values  of s w i r l  angles ,  t o t a l  p ressure ,  and t o t a l  
temperature were used t o  s a t i s f y  con t inu i ty  wi th in  each streamtube. The tur -  
bine e x i t  measured s t a t i c  pressure  w a s  assumed t o  vary l i n e a r l y  from hub t o  
t i p .  The determinat ion of t h e  average tu rb ine  ex i t  flow angle  proceeded as 
follows : m 

i=l 
c p .  v. A. COS r 

1 1 1  i 

P V A  
cos r = 

avg avg ann avg 

where: Pi  vi = 

pT 

pS 

*T 

r 

P 

V 

A 

m 

i 

ann 

avg 

Je i 

Measured t o t a l  p ressure  a t  cen te r  of i - t h  streamtube. 

S t a t i c  pressure  a t  center  of i - t h  streamtube based on 
l i n e a r  v a r i a t i o n  i n  measured s t a t i c  pressure  from hub 
t o  t i p  

Measured t o t a l  temperature a t  cen te r  of i - t h  streamtube 

Swir l  angle 

Density 

Absolute v e l o c i t y  

Area 

Number of streamtubes 

Subscr ip t  denoting streamtube va lue  

Subscr ipt  denoting va lue  f o r  t o t a l  annulus 

Subscr ipt  denoting average va lue  f o r  t o t a l  annulus 

The average v e l o c i t y  represent ing  t h e  tu rb ine  e x i t  flow f i e l d  w a s  calcu- 
l a t e d  by conserving t h e  a x i a l  and t angen t i a l  components of momentum, such t h a t  
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where 

and 

i' Wi 
i=l 

(: wi 
i=l 

V s i n  i 

v cos i 

'i 

= Tangent ia l  component of absolu te  v e l o c i t y  

= Axial component of absolu te  v e l o c i t y  

= Weight f l o w  through i - th  streamtube = p Y A 'i i i i  

The average tu rb ine  exit  t o t a l  temperature w a s  determined through an 

"* 
vz 

cos Ti 

energy balance of the annular streamtubes . 

r 

avg 
TT 

The average dens i ty  a t  t h e  tu rb ine  e x i t  w a s  obtained from the  equat ion 
of state.  

avg pS 
- - 

avg R TS P 

avg 

where 
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Overal l  Performance - After  ob ta in ing  the  average tu rb ine  e x i t  flow a n g l e ,  
the e x i t  t o t a l  p ressure  w a s  ca l cu la t ed  i n  the  following manner: 

Turbine e x i t  Mach number, M3, w a s  determined from t h e  fol lowing r e l a t ionsh ip :  

Turbine exit  t o t a l  temperature,  T T ~ ,  w a s  determined as follows: 

where Ah = 

N =  

- Ah TT - 
W C  

P 
271 NT 
60 J 

Turbine r o t a t i v e  speed, rev/min 

Measured torque,  f t - l b f  

Measured tu rb ine  i n l e t  t o t a l  temperature,  R 

Measured tu rb ine  weight flow, lbm/sec 

Turbine i n l e t  t o t a l  p ressure  w a s  ca l cu la t ed  i n  the  s a m e  manner as t h e  
turb ine  e x i t  t o t a l  pressure.  The ca l cu la t ion  used measured a i r f low,  measured 
i n l e t  t o t a l  temperature,  t he  average of measured hub and t i p  s t a t i c  pressures ,  
and the assumption of zero i n l e t  s w i r l  angle. 

The remaining parameters used i n  t h e  o v e r a l l  performance c a l c u l a t i o n  w e r e  
obtained as follows : 

6 = P ~ ~ f 1 4 . 6 9 6  

0 c r  = T ~ ~ ~ I 5 1 8 . 6 8 8  

E = 1.0 ( fo r  y = 1 . 4 )  

Equivalent Speed, N EQV = N / r  cr 

Equivalent Weight Flow, WA EQV = W F  € 1 6  

Weight Flow-Speed Parameter, W A N  EQV = WNE/606 

cr 
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Equivalent Torque, TO EOV = - ref6 

Equivalent S p e c i f i c  Work, DH EQV = - - 27r NT - E 
60 J eCr W e cr 

Idea l  Equivalent S p e c i f i c  Work, DHI EQV = 

Total- to- total  Eff ic iency,  ETA TT = 

Blade-Jet Speed Rat io ,  U/CO = 

where : K =  ( s ) L / 2 g  J 
i=l 

where: m = number of t u r b i n e  s t a g e s  

D = p i t c h l i n e  diameter of t he  i - t h  r o t o r  
P 
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APPENDIX B 

STAGE EFFICIENCY C L C U L A T I O N  

Calcu la t ions  w e r e  performed t o  determine t h e  e f f i c i e n c y  of  each s t a g e  of 
t he  var ious tu rb ine  conf igura t ions  opera t ing  a t  t h e  design poin t .  I n  o rde r  t o  
compare s t a g e  e f f i c i e n c i e s  on an equa l  b a s i s ,  ca l cu la t ions  w e r e  performed f o r  
a three-s tage tu rb ine  t o t a l - t o - t o t a l  p ressure  r a t i o  of  3.47. Th i s  i s  t h e  
pressure  r a t i o  a t  which t h e  design equiva len t  s p e c i f i c  work of 33.0 Btullbm 
is  ex t r ac t ed  when t h e  three-s tage p l a i n  b lade  t u r b i n e  opera tes  a t  design 
equiva len t  speed. The c a l c u l a t i o n  procedure is  ou t l ined  below: 

1. 

2 .  

3. 

4 .  

5. 

Enter  curves of equiva len t  s p e c i f i c  work versus  t o t a l - t o - t o t a l  
p ressure  r a t i o  a t  design equiva len t  speed f o r  t h e  three-s tage 
tu rb ines  t o  ob ta in  equiva len t  s p e c i f i c  work at  a pressure  r a t i o  
of 3.47. 

Enter  th ree-s  tage tu rb ine  curves of normalized s t a t i c  pressure  
versus  t o t a l - t o - t o t a l  p ressure  r a t i o  a t  a p re s su re  r a t i o  of 
3.47 t o  determine normalized s t a t i c  pressures  a t  t h e  hub and 
t i p  of Stage One and Stage Two e x i t s .  

A t  t h e  Stage One and Stage Two normalized hub and t i p  ex i t  
s t a t i c  p res su res ,  e n t e r  curves of normalized s t a t i c  pressure  
versus  t o t a l - t o - t o t a l  p re s su re  r a t i o s  across  t h e  one-stage 
and two-stage tu rb ines .  

Enter  curves of equiva len t  s p e c i f i c  work versus t o t a l - t o - t o t a l  
p ressure  r a t i o  f o r  t h e  one-stage and two--stage tu rb ines  t o  determine 
t h e i r  equiva len t  s p e c i f i c  works. 

Using t h e  above information and Keenan and Kaye's G a s  Tables  
(Reference 7 ) ,  c a l c u l a t e  t h e  s t a g e  e f f i c i e n c i e s .  

An example, showing t h e  s t a g e  e f f i c i e n c y  ca l cu la t ions  .for t h e  p l a i n  
b lade  tu rb ine ,  i s  presented below. 

1. 

2.  

3. 

4 .  

A t  PT,/PT~ = 3.47, (E/Bcr) = 33.0 Btu/lbm 

A t  Stage One e x i t ,  P S / P ~ ,  

A t  Stage Two e x i t ,  P S / P ~ ,  

For t h e  one-stage tu rb ine ,  P T ~ / P T ~ .  

For t h e  two-stage tu rb ine ,  

For t h e  one-stage tu rb ine ,  E/Bcr  = 13.76 

For t h e  two-stage tu rb ine ,  E/Bcr  = 26.38 

= 0.494 

= 0.300 

= 1.604 

= 2.66 pTO/pT1. 5 



5 .  Stage efficiencies are calculated from the above information and the 

Stage One 

Stage Two 

Stage Three 

accompanying sketch which was constructed using Table I of Reference 7, 

13.76 18.570 

12.62 17.031 

6.62 8 .934  

h, = 

Total 1 33.00 I 44.535 

78 

64 6 

Ent ropy  
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Scage One 

Stage Two 

I1 -- 11 

11 - 11 167.560 - 146.349 
0 1.3 167.560 - 148.990 = o=875 - - --- = ’lTT 
0 1.31 

- h1.3 - h1.5  - - 148.990 - 131.959 = o.846 - 
- h  148.990 - 128.855 

‘lTT h1.3 1 .5 i  

Stage Three 

h l . 5  - h3 - 131.959 - 123.025 - - - 
- h  131.959 - 122.276 

‘lTT h1.5 3% 
= 0.923 
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APPENDIX C 

REYNOLDS NUMBER CALCULATION 

The tu rb ine  Reynolds numbers were based on t h e  energy weighted Reynolds 
numbers of each b lade  row as def ined below: 

- % = (; Ahi % ) /; Ahi 
i=l i i= 1 

where 

and Ahi = Equivalent f r a c t i o n a l  energy e x t r a c t i o n  of i - t h  bladerow. 

The equiva len t  f r a c t i o n a l  energy e x t r a c t i o n  of each bladerow is  derived 
as fol lows.  
two cons t i t uen t s  a s soc ia t ed  wi th  t h e  s t a t o r  and r o t o r  l eav ing  ene rg ie s .  
This  d iv i s ion  of t h e  t o t a l  s t a g e  energy is i l l u s t r a t e d  on t h e  fol lowing 
en thalpy-en t ropy diagram: 

The v e l o c i t y  diagram energy f o r  each s t a g e  can b e  d iv ided  i n t o  

I 

Entropy 
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The energ ies  Ah1 and Ah2 can b e  expressed i n  t e r m s  of the s t a g e  v e l o c i t y  
diagram parameters as shown below: 

From t h e  ske tches ,  

( U V  + u p )  
s t g  gJ 1 u1 u2 

1 Ah = - 

2 (U1 V1 s i n  a + U R 1 2 2  s i n  B 2  - U2 ) 
1 Ah = - 

s t g  gJ 

With the  appropr ia te  combination of terms and a lgeb ra i c  manipulations 
t h e  above expressions can b e  simply expressed as: 

where 

and 

Ah2 = - 2) ( 2  s i n  B 2  - z) 
2gJ R2 
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I L a r e  t h e  energy equ iva len t s  of v e l o c i t y  leav ing  2gJ and - 2gJ 
The terms - 

the  s t a t o r  and r o t o r  r e spec t ive ly .  

")(z s i n  o1 - - u1 5) ( 2  s i n  B 2  - - u2 
v1 v1 R2 R2 

are p r o p e r t i e s  of t he  v e l o c i t y  diagrams a t  t h e  s t a t o r  and r o t o r  exi t  p lanes .  
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APPENDIX 3 

LIST OF SYMi3OLS 

A 

C 
P 

D 

H i - C  

Ah 

Ah 

hex 

s t g  

h th  

L 

R 

M 

m 

N 

n 

P 

pS 

ps 3 

PT 

pT 0 

PT3  

R 

R2 

7 
Area ( in . - )  

Spec i f i c  hea t  a t  cons tan t  pressure  ( f t  2 2  /sec OR) 

D i a m e t e r  ( i n . )  

Bladerow t h r o a t  dimension ( i n . )  

Maximum d i s t ance  from axis of least  moment of i n e r t i a ,  
b l ade  suc t ion  (convex) su r face  

Turbine energy e x t r a c t i o n  (Btu/lbm) 

Stage energy e x t r a c t i o n  (Btu/lbm) 

Height of bladerow a t  e x i t  ( in . )  

Height of bladerow a t  t h r o a t  ( i n . )  

Tangent ia l ly  leaned bladerow 

Blade o r  vane suc t ion  su r face  length  ( i n . )  

Mach number 

Number of bladerows, s t reamtubes,  o r  s t a g e s  

Ro ta t iona l  speed (rev/min) 

Number of vanes o r  b lades  

P l a i n  bladerow 

S t a t i c  pressure  (ps i a )  

Turbine e x i t  s t a t i c  pressure  

T o t a l  p ressure  ( p i a )  

Turbine i n l e t  t o t a l  p ressure  

Turbine e x i t  t o t a l  p ressure  

Gas constant  ( f t  /sec OR) 

Rotor e x i t  relative gas v e l o c i t y  

Reynolds number 

Energy weighted o v e r a l l  Reynolds number 

2 2  
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T 

TS 

TT 

TT 00 

TT 3 

t 

U 

V 

W 

E/Ocr  

W J e : / S  

N / F  

c r  

c r  

WNE / 606 

gJAh / 2U 2 

c1 
0 

1 a 

$1 

$ 2  

r 

E 

Tandem b laderow 

S t a t i c  temperature (OR) 

T o t a l  temperature (OR) 

Turbine i n l e t  t o t a l  temperature 

Turbine e x i t  t o t a l  temperature 

Spacing ( i n .  ) 

Wheel speed ( f t / s e c )  

Absolute v e l o c i t y  ( f t / s e c )  

Mass flow rate (lbm/sec) 

Equivalent s p e c i f i c  work (Btu/lbm) 

Equivalent weight flow (lbm/sec) 

Equivalent  r o t a t i v e  speed (rev/min) 

Weight flow - speed parameter (lbm/sec ) 

Loading f a c t o r  

Vane i n l e t  absolu te  flow angle (degrees) 

Vane e x i t  abso lu t e  flow angle (degrees) 

2 

Blade i n l e t  relative flow angle (degrees)  

Blade e x i t  relative flow angle  (degrees)  

Stage leaving  s w i r l  angle  (degrees) 

Spec i f i c  hea t  r a t i o  

Rat io  of t u rb ine  pressure  t o  pressure  a t  s tandard  s e a  
level condi t ions  

Function of y defined as 
Y 

Total-  to- t o  t a l  e f f i c i e n c y  
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%, . 1s Total-  to-s tat  i c  e f  f l c i ency  

0 
c r 

1-I 

V 

P 

T 

Sub s c r i p  t s 

B 

h 

i 

P 

R 

r 

t 

U 

z 

Squared r a t i o  of c r i t i c a l  v e l o c i t y  a t  t u rb ine  i n l e t  temperature 
t o  c r i t i ca l  ve loc i ty  a t  s tandard  sea level temperature 

Viscos i ty  (lbm/sec-ft ) 

Blade- j e t  speed r a t i o  

Density (lbm/ft  ) 
3 

Torque ( f t - l b f )  

Equivalent torque ( f t - l b f ) ,  T = T E / 6  
eq 

Re la t ive  t o  r o t o r  b lade  

Hub 

Current axial  s t a t i o n ,  s t a g e ,  streamtube, o r  i d e a l  

P i t c h  

Re la t ive  

Radial  component 

Tip 

Tangent ia l  component 

Axial component 
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TABLE V I J I .  OVERALL AND STAGE PERFORMANCE SUMMARY 

Stage(s )  

1 

1+ 2 
1+2 

1+2+3 
1+2+3 
1+2+3 
1+2+3 

1 

Configurat ion Equivalent Spec i f i c  Total-to-Total  
Work, E/Bcr Pressure  Rat io  

3 - PP 13.76 1.604 

2 - PPPP 26.38 2.66 
4 - PPTP 26.78 2.66 

1 - PPPPPP 33.00 3.47 
5 - PPPPPT 32.97 3.47 
6 - PPTPTT 32.90 3.47 
7 - PPPPLP 33.00 3.47 

b .  

I 
Stage Stage Equivalent 

Configuration Spec i f i c  Work, 

E / B  c r  

- PP/ 13.76 
- 

/PP/ 12.62 
/PT / 13.02 

/PP 6.62 
/ PT 6.62 
/TT 6.12 
/LP 6.62 

Stage Stage Total-to- Stage Total-to- 
T o t a l  Pressure T o t a l  

Ef f ic iency  ,nTT 

1.604 0.875 

i 

1 
t 

1.658 0.873 1 
1.658 0.846 

1.305 0.923 I 

1.305 0.918 ! 
1.305 0.856 ! 
1.305 0.923 i 

1 

2 
2 

Stage Performance 

To tal- to-To t a l  

0.875 

0.868 
0.880 

I 
0.886 
0.885 
0.883 
0.886 

Key: P - P l a i n  Bladerow T - Tandem Bladerow L - Leaned Bladerow 
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Figure 1. Turbine Design V e l o c i t y  Diagrams. 
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Figure 5.  P l a i n  Blade Turbine Airfoils.  
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Figure 6.  S t a g e  Two P l a i n  S t a t o r  Assembled i n  O u t e r  Casing. 

Figure 7 .  Stage Three P l a i n  S t a t o r  Assembled i n  Outer 
Casing. 
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Figure  8. S tage  Two Tandem S t a t o r  Assembled. 

m-. 

Figure  9. Stage Three Tandem S t a t o r  Assembled. 
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Figure 10.  Stage One P l a i n  S t a t o r  A i r f o i l s .  

Figure 11.  Stage Three Tangent ia l ly  Leaned S t a t o r  A i r f o i l s  Viewed  
A f t  Looking Forward. 
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F i g u r e  14. S t a g e  Three  Rotor 
P l a i n  Blade .  

F i g u r e  15. S t a g e  Three  
Ro to r  Tandem 
Blade .  
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Figure 16 .  E r e e - S t a g e  Turbine P l a i n  Blade Rotor Assembled. 
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Figure  17. S tage  Three Tandem Blade Rotor Assembled. 
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Figure  18. S tage  One S t a t o r  I n s t a l l e d  i n  T e s t  F a c i l i t y .  
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Figure  19. Typica l  General E l e c t r i c ,  Evendale, A i r  Turbine T e s t  F a c i l i t y  
Configurat ion.  
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Figure 49. Total-to-Total  E f f i c i ency  V s .  Total-to-Total  Pressure Rat io ,  
Configurat ion 2 (PPPP). 
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Figure 59. Equivalent Spec i f i c  Work Vs. Total-to-Total Pressure Ratio,  
Configuration 3 (PPI. 
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Figure 111. Total-to-Total Efficiency V s .  Blade-Jet Speed Ratio for 
Various I n l e t  Pressures, Configuration 2 (PPPP). 
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Figure  112. Total-to-Total Eff ic iency  V s .  Blade-Jet Speed Ratio for  
Various I n l e t  Pressures, Configuration 4 (PPTP) . 
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Figure 113. Total-to-Total E f f i c i e n c y  V s .  Blade-Jet Speed Ratio for 
Various I n l e t  Pressures ,  Configuration 3 (PPI. 
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Figure 120. Blade Clamping Conditions for 
Frequency Test ing.  
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Figure 121. Most Probable Modes of Vibration, Stage One Plain Blade. 
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Speed, rpm 

Figure 122. Most Probable Modes of Vibration, Stage 
Two Plain Blade. 
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m a 

Figure 123. Most Probable Modes of Vibration, Stage Three 
Pla in  Blade. 
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Suction Surface 

Figure 124. Fatigue Endurance T e s t  Blade Fai lures ,  Plain 
Blade Suction Surfaces.  

Pressure Surface 

Figure 125. Fatigue Endurance T e s t  Blade Fai lures ,  Plain 
B1 ade Pressure Surf aces .  
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Figure 126. Most Probable Modes of Vibration, Stage Three Tandem Blade 
Preceded by 76 Vane Stator.  
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Figure 127. Most Probable Modes of Vibrat ion,  Stage  Three 
Tandem Blade Preceded by 100 Vane S t a t o r .  
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Figure 128. Fatigue Endurance Test B l a d e  Faflure, 
Tandem Blade Pressure Surface, 

Figure 3.29. Fatigue Endurance T e s t  Blade Failure, 
Tandem Blade Suct ion Surface. 




